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ABSTRACT

Several methods of evaluation of the predictive capability have been applied
to fire models, but with limited utility. These range from explicit evaluation of
the equations used in simple models such as ASET to pointwise evaluation of
complex models from numerous computer runs of a model. This paper
presents a discussion of the issues involved in conducting an analysis of
a complex room fire model. Examples using currently available room fire
models are presented. For the models and test cases examined, heat release
rate and heat transfer effects dominate the behavior of the models. For simple
models like the ASET model, analytical techniques can be veadily applied.
For more complex fire models, obtaining an overall assessment of the model
increases in complexity with the complexity of the model, requiring evalu-
ation of numerous model inputs and outputs. Thus, more directed local
investigations are currently the only tractable means of evaluation. Areas for
additional research are identified. Published by Elsevier Science Ltd.

NOMENCLATURE

Room area

Matrix, defined in eqn (9)

Height of the room

Jacobian, defined in eqn (9)

Characteristic length, taken to be the height of the room
Heat release rate

Characteristic heat release rate, taken to be the same as Q for the
ASET analysis

Sensitivity equation vector in eqn (5)
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Ambient temperature
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X Discretization of the upper-layer temperature
Y Discretization of layer interface height
Z Elevation above fire
Z; Elevation of layer interface
c Matrix, defined in eqn (9)
¢1,¢2 Dimensionless parameters in eqns (2) and (3)
Cp Specific heat
Gravitational constant

h Height of a vent

p Arbitrary input parameter vector in eqn (1)
| Dimensionless heat release rate

t Time

te Characteristic time, taken to be 900 s for the ASET analysis
z Arbitrary solution vector in eqn (1)

A Height of the base of the fire above the floor
1 Dimensionless value of 4

Ao Conductive heat loss fraction

Ar Radiative heat loss fraction

{ Dimensionless layer interface height

p Gas density

Pa Ambient gas density

T Dimensionless time

Q@ Dimensionless upper-layer temperature
w Arbitrary sensitivity variable in eqn (4)

1 INTRODUCTION

Analytical models for predicting fire behavior have been evolving since the
1960s. During this time, the completeness of the models has grown. 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 typically described only parts of a fire. When
combined though, they can create a complex computer code capable of giving
an estimate of the expected effects of a fire based upon given input parameters.
Analytical models have progressed to the point of providing predictions of fire
behavior with an accuracy suitable for most engineering applications. Two
obvious questions arise concerning the use of these models for engineering
calculations:

» How good do the inputs to the model need to be (How do changes in the
model inputs affect the model outputs)?
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*  How good is the output of model (How close are the actual conditions to
those predicted by the model)?

To address the former question, this paper presents a discussion of the issues
involved in conducting a sensitivity analysis of a complex room fire model.
Examples using one fire model are provided. For the latter question, some
examples are presented illustrating comparisons for both simple correlations
and complex fire models. More complete investigations are available.! 2 From
the outset, it is important to note that this paper does not provide all the
answers to the issues discussed. Rather, it is intended to highlight the strengths
and weaknesses of the current level of understanding of evaluation of complex
fire models and to promote further discussion of the topic.

1.1 Fire models

In a recent international survey,® 62 actively supported models were identi-
fied. Of these, 31 predict the fire-generated environment (mainly temperature
and smoke movement in some way). Twelve models predict fire endurance,
eight address detector or sprinkler response, and four calculate evacuation
times. The computer models now available vary considerably in scope, com-
plexity, and purpose. Simple ‘room filling’ models such as the Available Safe
Egress Time (ASET) model* run quickly on almost any computer, and
provide estimates of a few parameters of interest for a fire in a single com-
partment. A special purpose model can provide a single function. For example,
COMPF?2° calculates post-flashover room temperatures and LAVENT®
includes the interaction of ceiling jets with fusible links in a room containing
ceiling vents and draft curtains. More detailed zone models like the HAR-
VARD 5 code” or FIRST® predict the burning behavior of multiple items in
a room, along with the time-dependent conditions therein. In addition to
the single-room models mentioned above, there are a smaller number of
multi-room models which have been developed. These include the BRI trans-
port model,” the HARVARD 6 code!® (which is a multi-room version of
HARVARD 5), FAST!!"!3 CCFM!* and CFAST.'” In addition, 10 field
models are identified which can provide detailed information on the environ-
ment within compartments.

Although the papers are several years old, Mitler'® and Jones'” reviewed
the underlying physics in several of the fire models in detail. The models fall
into two categories: those that start with the principles of conservation of
mass, momentum, and energy; and those that typically utilize curve fits to
particular experiments or series of experiments, used in order to try to
understand the underlying relationship among a small set of parameters.
In both cases, errors arise where a mathematical short cut was taken, a
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simplifying assumption was made, or some important phenomenon was not
included.

Once a mathematical representation of the underlying science has been
developed, the conservation equations can be recast into predictive equations
for temperature, smoke and gas concentration, and other parameters of
interest, and are coded into a computer for solution. The environment in a fire
is constantly changing. Thus, the equations are often in the form of differential
equations. A complete set of equations can compute the conditions produced
by the fire at a given time in a specified 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 density, gas concentration, etc.

Different models divide the building into different numbers of control
volumes depending on the desired level of detail. The most common fire
model, known as a zone model, generally uses two control volumes to describe
a room—an upper layer and a lower layer. In the room with the fire,
additional control volumes for the fire plume or the ceiling jet may be included
to improve the accuracy of the prediction (see Fig. 1).

This two-layer approach has evolved from observation of such layering in
real-scale fire experiments. Hot gases collect at the ceiling and fill the room
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 model can produce a useful simulation under most
conditions.

Other types of models include network models and field models. The former
use one element per room and are used to predict conditions in spaces far
removed from the fire room, where temperatures are near ambient and
layering does not occur. The field model goes to the other extreme, dividing

Ceiling Jet

Upper Layer

Lower Layer

Fig. 1. Zone model terms.
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the room into thousands or even hundreds of thousands of control volumes.
Such models have less dependence on experimental correlations and can
provide high resolution of conditions throughout the rooms, but typically
require far longer run times than zone models. Thus, they are used when
highly detailed calculations are essential.

1.2 Earlier research

The ASTM guide for evaluating the predictive capability of fire models'®
identifies four areas important for fire model evaluation: (1) model and
scenario definition, (2) theoretical basis and assumptions in the model, (3)
mather}mtical and numerical robustness of the model, and (4) quantifying the
uncertainty and accuracy of the model. The first two of these are largely
documentation issues for the model developer. Additional guidance is
available in the ASTM guide for fire-model documentation.!® The third area
is outside the scope of this paper. The work of Forney?® examines the
numerical robustness of fire models using the CFAST model as an example.
Sensitivity analysis and experimental comparisons are the primary focus of
the final area. An overview of published literature related to these is presented
below.

1.2.1 Sensitivity analysis

Although published literature is available which includes discussion of tech-
niques for sensitivity analysis of predictive models,?! their primary focus is
most often stochastic models of human behavior and rarely have been applied
to deterministic fire models. This section provides a brief overview of some of
the publications related to the evaluation of fire models. It is not an exhaustive
review, rather, it is intended to give an appreciation for the current status of
the topic as applied to fire modeling.

Clemson, et al.*? provide an overview of methods for sensitivity analysis of
simulation models. Although not specific to fire modeling, they provide
numerous references to additional research, present the advantages and disad-
vantages of different sampling techniques for experiment selection, and apply
chosen methods to an example simulation model.

Khoudja?? has studied the sensitivity of an early version of the FAST model
with a fractional factorial design involving two levels of 16 different input
parameters. The statistical design, taken from the texts by Box and Hunter?*
and Daniel,?® reduced the necessary model runs from more than 65000 to 256
by studying the interactions of input parameters simultaneously. His choice of
values for each input parameter represented a range for each parameter. His
analysis of the FAST model (a precursor to the CFAST model used for this
paper) showed a particular sensitivity to the inclusion of conduction in the
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calculations and lesser, though consistent sensitivities to the number of
compartments included in a simulation and the ambient temperature. With-
out the inclusion of surface thermophysical properties, this model treats
surfaces as adiabatic for conductive heat transfer. Thus, this consistent sensi-
tivity should be expected. Sensitivity to changes in thermal properties of the
surfaces were not explored.

Iman and Helton?® studied the sensitivity of complex computer models
developed to simulate the risk of severe nuclear accidents which may include
fire and other risks. Three approaches to uncertainty and sensitivity analysis
were explored:

» response surface methodology, where the complex model is replaced by
a series of simple linear models with inputs determined from a fractional
factorial design,

» Latin hypercube sampling, where carefully chosen random sampling is
used to determine model inputs, and

+ differential analysis, used to evaluate sensitivity for small perturbations
about a single set of model inputs.

These techniques were evaluated for three different models with respect to
ease of implementation, flexibility, estimation of the cumulative distribution
function of the output, and adaptability to different methods of sensitivity
analysis. With respect to these criteria, the techniques using Latin hypercube
sampling had the best overall performance. Programs to generate such sam-
ples are available.?”2®

For a steady-state model of a liquid pool fire, Ndubizu et a used
a Fourier amplitude sensitivity test to study the relative importance of model
inputs. With appropriate transformation of input parameters, the model
outputs define a periodic function of the transformed inputs. This resulting
function is then Fourier analyzed with the Fourier coefficients directly corres-
ponding to the sensitivity of each input parameter.

1.29

1.2.2 Comparisons with experimental data

A number of researchers have studied the level of agreement between com-
puter fire models and real-scale fires. These comparisons fall into two broad
categories: fire reconstruction and comparison with laboratory experiments.
Both categories provide a level of verification for the models used. Fire
reconstruction, although often more qualitative, provides a higher degree of
confidence for the user when the models successfully simulate real-life condi-
tions. Comparisons with laboratory experiments, however, can yield detailed
comparisons that can point out weaknesses in the individual phenomena
included in the models. The comparisons made to date are mostly qualitative
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in nature. The level of agreement between the models and experiment is
typically reported as ‘favorable’, ‘satisfactory’, ‘well predicted’, ‘successful’,
or ‘reasonable’. Some of the comparisons in the literature are reviewed
below.

Nelson?? used simple computer fire models along with the existing experi-
mental data to develop an analysis of a large high-rise building fire. This
analysis showed the value of available analytical calculations in reconstruct-
ing the events involved in a multiple-story fire. Bukowski*! 73> has applied the
FAST and CFAST models in several fatal fire reconstructions. Details of the
fires including temperatures, vent flows, and gas concentrations were consis-
tent with observed conditions and witness accounts. Emmons®* applied
computer fire modeling to the MGM Grand Hotel fire of 1980. Using the
HARVARD 5 model, Prof. Emmons analyzed the relative contributions of
booth seating, ceiling tiles, decorative beams, and the HVAC system on the
outcome of the fire.

Several studies comparing model predictions with experimental measure-
ments are available. Mitler and Rockett?® utilized the Harvard Computer Fire
Code V to model two in a series of eight well-instrumented full-scale room
fires. They reported ‘good to excellent’ agreement for most of the model
variables studied. Rockett et al.*® used the HARVARD VI multi-room fire
model to simulate the results of real-scale, multi-room fire experiments. While
the model was generally found to provide ‘favorable’ simulations, several
areas where improvements were needed were identified. They pointed out
limitations in modeling of oxygen-limited burning, mixing of gases at vents,
convective heat transfe, and plume entrainment. Deal®” reviewed four com-
puter fire models (CCFM, FIRST, FPETOOL?*® and FAST) to ascertain the
relative performance of the models in simulating fire experiments in a small
room. All the models simulated the experimental conditions including temper-
ature, species generation, and vent flows, ‘quite satisfactorily’. Duong?®
studied the predictions of several computer fire models (CCFM, FAST,
FIRST, and BRI), comparing the models with one another and with large fires
in an aircraft hanger. For a 4 MW fire size, he concluded that all the models
are ‘reasonably accurate’. At 36 MW, however, ‘none of the models did well’.
Beard?*° evaluated four fire models (ASET, FAST, FIRST, and JAS-
MINE*!) by modeling three well-documented experimental fires, ranging in
scope from the same tests used by Mitler and Rockett®® to a large-depart-
ment-store space with closed doors and windows. He provides both a qualitat-
ive and quantitative assessment of the models ability to predict temperature,
smoke obscuration, CO concentration, and layer interface position (for the
zone-based models). Peacock et al.! compared the CFAST model to a range of
experimental fires. The model provided predictions of the magnitude and
trends (time to critical conditions and general curve shape) for the experiments
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studied which range in quality from within a few percent to a factor of two or
three of the measured values.

2 SENSITIVITY ANALYSIS

A sensitivity analysis is a study of how changes in model parameters affect the
results generated by the model. Model predictions may be sensitive to uncer-
tainties in input data, to the level of rigor employed in modeling the re-
levant physics and chemistry, and to the accuracy of numerical treatment.
Among the purposes for conducting a sensitivity analysis are to determine the
following;

» the important input variables in the models (those which effect changes
in important output variables,

» the required accuracy for input variables (particularly sensitive input
variable may need to be known to a greater precision than insensitive
ones), and

» the sensitivity of output variables to variations in input data (which
inputs effect output variable of interest).

Conducting a sensitivity analysis of a complex fire model is a difficult task.
Many models require extensive input data and generate predictions for
numerous output variables over a period of simulated time. Several methods
of sensitivity analysis have been applied to fire models, but most have had
limited utility. These range from explicit evaluation of the equations used in
simple models such as ASET*? to pointwise evaluation of complex models
from numerous computer runs of the model.>* The technique chosen for use
will be dependent on the objectives of the study, the required results, the
resources available and the complexity of the model being analyzed.

Fire growth models are typically based on a system of ordinary differential
equations of the form

dz

4= fEpn, 2t=0=z (1
where z (z1, z2, ... , Zm) is the solution vector for the system of equations (for
example, mass, temperature, or volume) and p (p1, p2, ..., ps) is a vector of

input parameters (for example, room area, room height, heat release rate) and
7 is the time.*3 The solutions to these equations are, in general, not known
explicitly and must be determined numerically. To study the sensitivity of such
a set of equations, the partial derivatives of an output z; with respect to an
input p; forj=1, ...,mand i = 1, ... ,n) are examined.
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Two basic approaches exist for obtaining sensitivity information:

*  Local methods—produce sensitivity measures for a particular set of
input parameters and must be repeated for a range of input parameters
to obtain information on the overall model performance. Finite-differ-
ence methods can be applied without modifying a model’s equation set,
but require careful selection of input parameters to obtain good esti-
mates. Direct methods supplement the equation set solved by a model
with sensitivity equations derived from the equation set solved by the
model.?! The sensitivity equations are then solved in conjunction with
the model’s system of equations to obtain the sensitivities. Direct
methods must be incorporated into the design of a fire model and are not
often available for the already existing fire models.

*  Global methods—produce sensitivity measures which are averaged over
the entire range of input parameters. Global methods require knowledge
of the probability density functions of the input parameters, which in the
case of fire models, is generally unknown.

2.1 An example for a simple fire model

In 1985, Walton introduced ASET-B,** a BASIC program for personal
computers based on the ASET mathematical model developed by Cooper and
the ASET Fortran program written by Cooper and Stroup.*> ASET-B is
designed to simulate the development of a fire in a single room where any
leakage from the room is assumed to occur near floor level. ASET-B is a single
compartment, two-zone fire model with five input parameters and two time-
dependent output variables. The relatively small size of this model makes the
investigation of sensitivity analysis methods tractable.

2.1.1 ASET equations

The quantities estimated by ASET-B are the interface height (the height above
the floor at which the upper layer of hot gases meets the lower layer of
relatively cool air) and the average upper-layer temperature. The ASET
equations derived by Cooper* and used by ASET-B are defined in terms of
a dimensionless time, 7, upper-layer temperature, ¢, layer interface position, ¢,
and heat release rate, ¢, as follows:

y — e - ead P, 0<0<
d_:_:fl(C=q)’claclaf)= —Clqa —5<CSO (2)
0, [==5
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s _ :1/3¢5/3
i plc1q (czo —l)Cczq ¢ )’ 0<{<lo
. :f2(€5(Pacl7C2at) = . (3)
dr @ciq 5

where the dimensionless variables are defined as 7 = t/t., { = Z;/L., ¢ =
T/T., and ¢ = O/Qo. The constants ¢; and c, are defined as

&1

RY, _ » 2\ 1/3
- (1 AC)QOIC and ¢, = 0210tc (1 lr)QogLC
ALcpacy T, A paCpTy

For the purposes of this analysis, the initial conditions used by Cooper will be
assumed, i.e.

lo={(t=0=H— L., qo(r=0)=<po=1+§—:¢3f3

. de  ¢1(2golo + 5(c1 + c2{3?))
i G = e D o

2.1.2 Sensitivity equations

Given a prediction by ASET-B of the upper-layer temperature, ¢(7;), and the
interface height, {(t;), at time 7, the following questions arise. If an input
parameter is known with some degree of uncertainty, what degree of uncer-
tainty will be associated with the outputs ¢(71) and {(t,) or with the time to
reach a particular upper-layer temperature or height? These types of questions
can be addressed by performing a sensitivity analysis of the model. Since
ASET-B is a simple system of ordinary differential equations, a direct method
of sensitivity analysis can be applied. A decoupled direct method?!:#® has
been selected for illustration.

Sensitivity equations for the ordinary differential equation (ODE)

 fe w0 @

can be derived by taking partial derivative of both sides of the ODE with
respect to the desired parameter and using the chain rule for multi-variables.
For the variable w, we obtain

d(&z)__(z+6féz

a\3w) =0 T 5200 (3)
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Letting S = 0z/0w, we then have an ODE for the sensitivity of the original
eqn (4) to the parameter @

as o of
& 7w ez ©)

The sensitivity of the ASET eqns (2) and (3), to a parameter o can be found
in a similar way. In this study, we are interested in the parameters room
surface area (A), height between the base of the fire and the ceiling (H — A),
and the conductive heat loss fraction A.. Rewriting eqns (2) and (3) in vector

notation, we obtain
i(€>_<.fl(gs¢aclac23r)> (7)
dT ¢ fZ('Cs(P,Cl,CZ,T)

where fi and f> are defined previously. As before, take a partial derivative of

both sides of eqn (7) with respect to @ and use the chain rule for multi-
variables to obtain

o 0ey  Ofi0cx  0f1 00 OhiOg
d Sl>_ dcy 6w dc, 0w 0L dw B dw
ai\s:) "\ thoe | oo it e
0cy 8y Ocy, 0w 0L dw O dw
Sy
<+J<&> ®
=Bc+ JS

where S = (31). S; = 0{/0w, and S, = d¢/dw are the sensitivities of { and ¢
with respect to . In addition,

a9 U I o dey
dey  Ocy ol oo dw

B = , J= and ¢ = 9
o o % o 2 )
dc,  Oc, ol do dw

The sensitivity equations for room surface area, A, for the range 0 < { < {, is
given by replacing @ with 4 in eqns (8) and (9) using the following definitions
for B, J, and ¢ with terms derived from the ASET eqns (2) and (3) with initial
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conditions S;(t) = 0 and S,(1) = 0:
q¢
lo—@
— g3 — @M
{o—¢

—4

U5l Sele — el pled = (p — Dead
3 3G =0 G- 07
. €1 — Qg — 1)e§33
lo—(

(10)

(1 —1)00t.
A*c,p,T,L,

_ (02110 (1 = 2)0ogL\1"
A2 CapaTa

The sensitivity differential equations for the other parameters can be done in
an analogous manner. Note that the matrix J, the Jacobian of (f;, f5) with
respect to the solution variables { and ¢, remains the same for all of the
sensitivity equations.

2.1.3 Solution procedure of the sensitivity equations

If we let X(z,) and Y(r,) represent the discretization of {(z,) and ¢(z,),
respectively, and use the trapezoidal rule to approximate eqns (2) and (3), we
obtain

X(‘Cn) = X(Tn—l)

(fl (X(Tn— 1)’ Y(Tn* 1)761 5C2, Tn— 1) +f1 (X(Tn)a Y(Tn)s €1,C2, ‘C,,))(’C,, — Tn- 1)
2

+
(11)
Y(r,) = Y(t,- 1)

+ (fZ(X(Tn—l): Y(rn— 1)’CI’C2atn—1) +_f2(X(T,,), Y(Tn)’ C1>C25Tn))(7:n — Tn- l)
2
(12)
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Differentiating eqns (11) and (12) with respect to the room-surface area puts
the sensitivity equation in finite-difference form:

(1= e ) ste = (14 2520 1)) Ster )

Tn — Tn—1

)
+ —2— <;q:;1'.f(X(rn—l)’ Y(Tn—l):cl’CZST) + %f(X(THL Y(T")’CI’CZ’T)>

(13)

where J(1,) is the Jacobian of the original system of equations which is given
as matrix J of eqn (10). Analogous equations can be developed for each of the
ASET variables and the sensitivities, S(1,), solved using matrix techniques.
The solution S(t,) represents the exact sensitivities of X (z,) and Y(z,), disre-
garding round-off and truncation errors, and an approximation to the sensi-
tivities of {(r,) and o(1,).

In the decoupled direct method, the sensitivity coefficients are computed by
solving eqns (11) and (12) at a particular time and then solving eqn (13) for that
time. Specifically, given X (z,- ;) and Y (z,- ;) the values of X(z,) and Y(z,) are
calculated using ASET-B. These values are then used in computing S(z,).
Once S(t,) is computed, the time is advanced from 7, ; to 7, and the process is
repeated.

For the ASET-B model, a factorial design (see, for example, Box et al.?*)
was applied for the above sensitivity analysis in which area took on the values
89 and 26:8 m? (96 and 288 ft2), 1, took on the values 0-6, 0-7, 0-8, and 0.9 and
the height above the fire, H, took on the values 2-1 and 4-3 m (7 and 14 ft). The
height of the fire measured from the floor, 4, was set at 0-3 m (1 ft) and 4, was
fixed at 0-35. The energy release rate was 1 kW for the time period from O to
180 s and 25 kW from 180 to 1200 s. All other parameters were held at their
nominal levels. When each run was made, the sensitivity measures were
computed assuming a + 10% perturbation in each of the following para-
meters, floor area, A, and height above the fire. Each run was terminated
when the interface height had reached the floor and the upper-layer temper-
ature had reached 100°C. Figure 2 presents the change in interface height
resulting from a 10% change in floor area, A., and height above the fire for the
range of inputs above. From numerous plots made to study the effects of
perturbations in the inputs on the interface height, upper-layer temperature
and time to reach a particular height or temperature, an overall picture of the
sensitivity of the ASET model can be obtained (Table 1).

ASET-B is fairly insensitive to the uncertainty in the room area and height
above the fire, but can be quite sensitive to the uncertainty in the value of 4.
Since the objective of ASET is to be able to determine the available safe egress
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04 F ————  Floor Area (M) /
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Fig. 2. Example of calculated sensitivity values for the ASET-B model.

time, conservative values of 4. can be selected according to whether time of
detection or time of hazardous conditions is desired. As Cooper* suggests,
select A, near 0-6 to obtain a conservative estimate of the time until hazardous
conditions occur and 0-9 to obtain a conservative estimate of the time until
detection (by occupants or detectors) occurs because the temperatures rise
more quickly with smaller conductive losses (as /. becomes smaller). In
general, if A, is thought to be within x% of 4, then choose 7, to be (1 — x/100)4
for a conservative estimate of the time of hazardous conditions and
(1 + x/100)/ for a conservative estimate of the time until detection.

The decoupled direct method seems to provide reasonable error bands on
the ASET-B solution given a 10% change in area, /., or height above the fire
and also can provide error bands on the time to reach a particular temper-
ature or height. The cost to provide these error bands is that of deriving the
sensitivity equations and solving a matrix equation. For ASET-B, this effort
was small compared to the information provided. For other models, it may be
too difficult and complicated to derive the sensitivity differential equations

TABLE 1
Relative Range of Change in Outputs for a +£10% Change in Inputs to the
ASET-B Model

1 +10% inputs/outputs — Interface height  Upper-layer temperature
+10% room area +2to +5% +10%
+10% height above the fire 0to +10% —10to —8%

+10 A, +2to +5% —12to —75%




Complex fire models 117

analytically; however, it may be reasonable to compute the Jacobian of the
function f and the partial derivatives of f with respect to the parameters
numerically.

For a model even as simple as ASET-B, the evaluation of sensitivity adds
considerably to the complexity of the solution. With more complex models,
the task can become unmanageable. Thus, evaluation of sensitivity for specific
sets of inputs (pointwise evaluation) becomes necessary. The remainder of this
paper discusses the issues involved in such evaluations.

2.2 Sensitivity analysis for more complex fire models

For more complex fire models, obtaining an overall assessment of model
sensitivity may become overly complex with numerous model inputs and
outputs. Thus, more directed local sensitivity investigations are appropriate.
Local methods produce sensitivity measures at a particular point of the
parameter space of the model. There are several classes of local methods which
are of interest. Using the nomenclature of eqn (1), these are outlined below.

* Finite-difference methods provide estimates of sensitivity functions by
approximating the partial derivatives of an output z; with respect to an
input p; as finite differences:

0z _zj(p1sP2; - P+ APy s P) = Zi(P1s P2y - Py o5 PR

OPm APm
=12, ...,n, m=12, ...,k (14)

b

This method is easy and straightforward to implement. However, as with
any finite-difference method, the choice of 4p,, is pivotal in obtaining
good estimates. To determine the »n- k first-order sensitivity equations
requires k + 1 runs of the model. These may be run simultaneously as
a larger system or in parallel.

+ Direct methods derive the sensitivity differential equations from the
model’s system of ordinary differential equations

d oz; of; of; ez
— Z___.___

_ =12 .o m=12 ..,k (15
dt apm apm i azi apm / o ( )

These equations are then solved in conjunction with the model’s system
of differential equations to obtain the sensitivities. To compute the n- k
first-order sensitivities requires 1 model run. These may be incorporated
directly into the model and solved as a single, coupled set of n + (n- k)
differential equations*’ or decoupled solving the model equations and
the sensitivity equations iteratively using the model’s solution and an
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appropriate interpolation scheme.*® This method was applied to the
ASET earlier in this paper.

« Response surface methods fit an appropriate set of functions to selected
model runs. The resulting functions are then assumed to behave in the
same manner as the model. With appropriate choice for the set of
functions (such that the sensitivity functions are easily calculable), the
analysis of the behavior of the model is facilitated.

Even though it is possible to define the sensitivities and establish various
methods for their computation, there are still difficulties associated with
performing a sensitivity analysis. Iman and Helton?? note some of the proper-
ties of complex computer models which make analysis difficult:

» There are many input and output variables.

¢ The model is time consuming to run on a computer.

» Alterations to the model are difficult and time-consuming.

« It is difficult to reduce the model to a single system of equations.

« Discontinuities may exist in the behavior of the model.

» Correlations may exist among the input variables and the associated
marginal probability distributions are often nonnormal.

» Model predictions are nonlinear, multivariate, time-dependent functions
of the input variables.

« The relative importance of individual input variables is a function of
time.

Many of these comments are applicable to current room fire models. In
addition, the sensitivity equations have similar properties. For a given model
output and a given model input, there may be regions of time where the model
output is sensitive to the input and also regions where the model output is
insensitive to the same parameter.

2.2.1 Selecting inputs and outputs for sensitivity analysis
At least two broad questions can be addressed with a sensitivity analysis of
a fire model. First, the more general question, ‘How sensitive is the model to
a specific input?’ is an attempt to gain an overall appreciation of the import-
ance of an input relative to all other inputs. For this question, the range of
model inputs could be chosen as broad as possible representing the range of
applicability of the model. A subsequent analysis of model outputs for such
broad changes would then provide insight into the relative importance of
a given input variable on selected outputs. Such an analysis provides an
overall picture of model behavior.

The second question, ‘How closely must a specific input be specified?’ is
more focused than the first question. Rather than understanding the overall
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behavior of the model, it is an effort to obtain an understanding of the effect on

the model outputs of uncertainties in selected inputs. For this question, small

perturbations in the inputs could be examined. If a specific scenario is of

interest, perturbations of the inputs for this scenario could be examined.
For either question, several topics are of interest:

*  What input and output variables are of interest?
* How should specific models runs be selected to study these variables?
* How can the results be quantified?

2.2.2 Model inputs and outputs
Current zone-type fire models have numerous inputs (Table 2) and outputs
(Table 3) which may be of interest in a sensitivity analysis. The inputs and out-
puts for the CFAST model are typical of a complex zone-based room fire model.
Most studies of modeling related to fire hazard and fire reconstruction
present a consistent set of variables of interest to the model user,3* 38740 gag
temperature, gas species concentrations, and layer interface position. To
assess the accuracy of the physical basis of the models, additional variables
must be included. Pressure drives the movement of gases through openings.
The pyrolysis rate, and heat release rate of the fire in turn, produces the gases

TABLE 2
Typical Inputs for a Two-Zone Fire Model

Ambient conditions Inside temperature and pressure
Outside temperature and pressure
Wind speed
Relative humidity (0-100%)

Building geometry Compartment width, depth, height, and surface material proper-

ties (conductivity, heat capacity, density, thickness)

Horizontal flow vents: Height of soffit above floor, height of sill
above floor, width of vent, angle of wind to vent, time history of
vent openings and closings

Vertical flow vents: Area of vent, shape of vent

Mechanical ventilation, Orientation of vent, center height of
vent, area of vent, length of ducts, diameter of ducts, duct
roughness, duct flow coefficients, fan flow characteristics

Fire specification Fire room, X, ¥, Z position in room, fire area
Fire chemistry: Molar weight, lower oxygen limit, heat of com-
bustion, initial fuel temperature, gaseous ignition temperature,
radiative fraction
Fire history: Mass loss rate, heat release rate, species yields for
HCN, HCI, Ct, H/C, O,/C, C/CO,, CO/CO,

Items in bold are inputs that may vary due to error in measurements.
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TABLE 3
Typical Outputs for a Two-Zone Fire Model
Compartment For each compartment  Compartment pressure and layer interface height
Environment
For each layer and Temperature, layer mass density, layer volume,
compartment heat release rate, gas concentrations (N5, O,,

CO,, CO, H,0, HC], HCN, soot optical
density), radiative heat into layer, convective
heat into layer, heat release rate in layer

For each vent and layer Mass flow, entrainment, vent jet fire

For each fire Heat release rate of fire, mass flow from plume
to upper layer, plume entrainment, pyrolysis
rate of fire

For each

compartment surface Surface temperatures

Tenability Temperature

Fractional Exposure Dose (FED)

Values are typically time histories.

of interest to be moved. For sensitivity analysis it is appropriate to consider all
these variables for evaluation:

» upper- and lower-layer gas temperature,
* layer interface position,

» gas-species concentration,

» fire pyrolysis and heat release rate,

* room pressure, and

* vent flow.

Although there are certainly other comparisons of interest, these will provide
evidence of the sensitivity of the model to most model inputs.

2.2.3 Selecting specific model simulations
With a sensitivity analysis of any model, numerous scenarios must be tested
with ‘the model. Usually, this implies some sort of statistical design for the
experiments to be conducted. Techniques are readily available** 2® which can
be used to select appropriate sets of model inputs and which have been applied
to the analysis of fire models. With current computer capabilities, the efficien-
cy of a particular design may not be as important as it has been in the past as
considerably more model simulations can be conducted within a reasonable
time frame.

Efficient choice of model inputs and outputs is further complicated by
functional dependencies and redundancy in model inputs and outputs. For
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example, suppose two parameters, say a and b, occur in an unsimplified form
of a model, always as the product a-b. Comparing outputs of calculations
which double the parameter a while halving the parameter b will produce the
same result as the base case in which both are unchanged. For example,
Cooper* simplified the ASET model from 12-dimensional physical parameters
to four dimensionless parameters. In addition, even these can be further
simplified to only two dimensionless groups.*? Choice of inputs to vary such
a set of core parameters over the entire range of applicability of the inputs
provides for a more complete assessment of the model’s behavior.

2.2.4 Calculating and interpreting sensitivity functions for a complex fire model
In this section, some examples of model sensitivity are presented using the
CFAST model'® for the simulations. Although numerous scenarios could be
chosen for study, a single one was used in this paper to illustrate the analysis of
a complex fire model. To obtain a complete picture of a model’s sensitivity,
a number of scenarios representing the entire range of the model would have
to be studied. The scenario chosen includes a range of phenomena which can
be simulated with this model. The building geometry (Fig. 3) includes four
rooms on two floors with horizontal, vertical, and mechanical vents connect-
ing the rooms and venting to the outdoors. The fire source in one of the rooms
on the lower floor is a medium growth rate ¢ fire*® chosen to simulate a mat-
tress fire*® (Fig. 4).

2.2.5 Sensitivity to small changes in model inputs

To investigate the sensitivity of the model, a number of simulations were con-
ducted varying the input parameters for CFAST about this base scenario. Both
small (£ 10%) and larger (up to an order of magnitude) variations for selected
inputs were studied. Varying most of the inputs by small amounts had

All doorways 1m wide x 2m high ' Room 3 Room 4
All surfaces gypsum (Bm x 4m x 2.4 m} (Bmx4mx 2.4 m)
i
< \\ Vertical flow vent
. 1 m diameter
== ﬁ\L
Roomn 1
{3m x 4m x 2.4 m) Room 2 (3m x 40m x 2.4 m)

Fig. 3. Building geometry for base case scenario.
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little effect on the model outputs. Figure 5 presents an example of the
time-dependent sensitivity of several outputs to a 10% change in room
volume for the fire compartment in the scenario described above. For
example, the pair of dotted-line curves labeled ‘Upper-layer volume’ were
created by comparing the base-case scenario with a scenario whose compart-
ment volume was increased and decreased by 10%. The resulting curves
presented on the graph are the relative difference between the variant cases
and the base case defined by (variant value — base value)/base value for each
time point. The graph shows that temperature and pressure are insensitive to
changes in the volume of the fire room since the 10% change in room volume
led to smaller relative changes in layer temperature and room pressure for all
times. Upper-layer volume can be considered neutrally sensitive (a 10%
change in room volume led to about a 10% change in layer volume). Further,
this implies that there is negligible effect on layer interface height. This is
consistent with both experimental observations in open-compartment room
fires®® and analytical solutions for single-compartment steady-state fires.>' In
essence, this implies that reasonable uncertainties in room dimensions would
have little effect on the results predicted by the model for this scenario.

In addition, Fig. 5 shows a somewhat constant relative difference for the
changes as a function of time. As suggested by Iman and Helton,?> an average
relative difference could thus be used to characterize the model sensitivity for
comparing individual inputs and outputs.




Complex fire models 123

—— Upper Layer Temperature (K)
f — — Lower Layer Temperaturs (K)
| Upper Layer Volume {m”)

1 —— Pressure (Pa)
|

|

0.2

=}
=
]

Residuals (Variant-Base)/Base
o
o
]

o1 b

-0.2 T T T T T

Time (s)

Fig. 5. An example of time dependent sensitivity of fire model outputs to a 10% change in
room volume for the fire compartment.

2.2.6 Sensitivity to larger changes in model inputs

To investigate the effects of much larger changes in the inputs, a series of
simulations where the inputs were varied from 0-1 to 40 times the base value
was conducted. Simulations by changing the heat release rate (HRR) inputs
are shown in Fig. 6. Each set appears as families of curves with similar func-
tional forms. This indicates that multiples of the HRR have a simple mono-
tonic effect on the layer temperatures. Again, it may be possible to describe
the sensitivity with a single characteristic number. The choice of heat release is
particularly interesting since it appears to be one of the inputs to the model
which has a greater effect on the model outputs than other inputs. In the
majority of fire cases, the most crucial question that can be asked by the
person responsible for fire protection is: ‘How big is the fire?” Put in quantitat-
ive terms, this translates to: “What is the HRR of this fire?” Recently, the
National Institute of Standards and Technology (NIST) examined the pivotal
nature of HRR measurements in detail.®? Not only is HRR seen as the key
indicator of real-scale fire performance of a material or construction, HRR is,
in fact, the single most important variable in characterizing the ‘flammability’
of products and their consequent fire hazard. Much of the remainder of this
paper focuses on HRR as an example for examining sensitivity analysis.
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Fig. 6. Layer temperatures and volumes in several rooms resulting from variation in heat
release rate for a four-rrom growing fire scenario.

2.2.7 Simple ‘response-surface’ correlations

A next step beyond the simple time-history plots presented in Fig. 6 is a cross-
plot of outputs of interest. Figure 7 presents plots of the upper (presented in
Fig. 6) and lower-layer temperatures plotted against the heat release rate for
the simulations shown in Fig. 6. The shaded areas in Fig. 7 show the locus of
all the individual data points (the layer temperature at time ¢ of a particular
simulation plotted against the HRR at the same ?). For this example, only the
data up to the time the fires became oxygen-limited were included—the latter
data would complicate the functional relationship between HRR and layer
temperature unnecessarily for this sample presentation. For each room, a re-
gression fit to the data for each room overlays the locus. For the simple
geometry and fire in this example, the curves for both upper- and lower-layer
temperature in all four rooms (Fig. 7) show a strong functional dependence on
HRR. Even for the wide variation in inputs, the HRR provides a simple
predictor of the temperature in the rooms. In addition, this relationship allows
calculation of the sensitivity of the temperature outputs to the HRR inputs as
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Fig. 7. Upper- and lower-layer temperature in rooms.

a simple slope of the resulting correlation between HRR and temperature.
Similar analysis could be applied to the oxygen-limited burning period or
other model outputs of interest.

Figure 8, simply a plot of the slope of the curves in Fig. 7, shows this
sensitivity, 6(T )/@(HRR), for the four-room scenarios studied and represents

1.0
—— Room 1
—-—- Room2
Room 3
0.8 —-~ Room 4
0.6 -
0.4 -

Temperature Sensitivity (K/kW)

0.2 T T T
0 1000 2000 3000
Heat Release Rate (kW)

Fig. 8. Sensitivity of temperature to heat release rate for a four-room growing fire scenario.
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all time points in all the simulations in which the peak HRR was varied from
0-1to 4-0 times the base value. Except for relatively low HRR, the upper-layer-
temperature sensitivity is less than 1 K/kW and usually below 0-2 K/kW. Not
surprisingly, the layer that the fire feeds directly is most sensitive to changes.
The lower layer in the fire room and all layers in other rooms have sensitivities
less than 0-2 K/kW. This implies, for example, that if the HRR for a 1 MW fire
is known to within 100 kW, the resulting uncertainty in the calculation of
upper-layer temperature in the fire room is about + 30 K.

For upper-layer volumes (Fig. 9) of both rooms 1 and 2, it is again a simple
correlation between HRR and volume fraction (upper-layer volume expressed
as a fraction of the total-room volume). The correlations for the upper-layer
volumes of rooms 1 and 2 could also be differentiated as was done for the
temperature correlations to obtain sensitivities for the upper-layer volume.
For rooms 3 and 4, the relationship is not as clear. The flow into the layers of
these rooms is more complicated than for rooms 1 and 2, resulting from flow
from the first floor through a vent in the floor of room 3 and from a vent to the
outside in room 4. However, even these rooms approach a constant value for
higher HRR values, implying near zero sensitivity for high HRR.

1.0
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Fig. 9. Comparison of heat release rate and upper-layer volume in several rooms for a four-
room growing fire scenario.
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2.2.8 Evaluating sensitivity by single values

Many phenomena of interest in fire modeling are transient events that are best
represented as time-history curves. Examples are HRR, gas temperature,
smoke density, and CO concentration. To evaluate the sensitivity of multiple
outputs, it would be desirable to have a single number to characterize each
output. For the example scenario used in this paper, several choices are
available. From Fig. 5, an average relative difference could be used. From
Fig. 8, the average sensitivity calculated from a simpler model (in this case,
a simple correlation) could be used. Other possibilities include time to critical
events (for example, flashover), average value, or peak value. Figure 10 shows
the peak HRR and peak upper-layer temperature normalized relative to the
values at corresponding times from the base scenario for the base scenario and
+ 50% of the base HRR.

Although there is some scatter in the data, most of this comes at early times
in the fire. From Fig. 10, this is apparent by choosing a single temperature.
For ease of discussion and obvious interest, we will focus on peak values for
HRR and temperature.

Figure 11 presents the effect of both peak HRR and vent opening (in the fire
room) on the peak upper-layer temperature. In this figure, actual model
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Fig. 10. Comparison of normalized peak temperature to normalized heat release rate for
a series of four-room growing fire scenarios.




128 R. D. Peacock et al.

2

o
b=
*:(é
e
@
o
=
D
‘.—
x
S
o
a
=
)
B
-‘E
S
z

Fig. 11. Effect of both heat release rate and vent opening size on upper-layer temperature for
a four-room growing fire scenario.

calculations, normalized to the base scenario values are indicated by
circles overlaid on a surface grid generated by a spline interpolation between
the data points. At high HRR and small vent openings, the fire becomes
oxygen-limited and the temperature trails off accordingly, but for the most
part, the behavior of the model is monotonic in nature. Although more
laborious, the approaches used to calculate sensitivities for single-variable
dependencies illustrated earlier are thus equally applicable to multivariate
analyses.

From the surface, it is clear that HRR has more of an effect on the peak
temperature than does the vent width. Until the fire becomes oxygen-limited,
the trends evident in the surface are consistent with expectations—temper-
ature goes up with rising HRR and down with rising vent width. The effects
are not, of course, linear with either HRR or vent opening. Plume theory and
typically used calculations for estimating upper-layer temperature in a single
room with a fire>*># suggest that the dependence is of the order of §%? for
HRR and Aﬁ for the vent opening where A is the area of the vent and h is the
height of the vent. Although these correlations are based on a simple analysis

of a single-room fire, the dependence suggested is similar to that illustrated in
Fig. 11.
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3 COMPARISON WITH EXPERIMENTAL MEASUREMENTS

Several researchers have studied the level of agreement between computer fire
models and real-scale fires!. These range from comparisons using simple
correlations®® to intricate field models?. The comparisons made to date are
mostly qualitative in nature. The level of agreement between the models and
experiment is typically reported as ‘favorable’, ‘satisfactory’, ‘well predicted’,
‘successful’, or ‘reasonable’. This section provides an overview of some com-
parisons made as part of a program to better understand the evaluation
process in concert with research to provide a level of quantification to the
comparisons.

3.1 Prediction of flashover

A number of simple correlations and the CFAST model were used to simulate
a range of geometries and fire conditions to predict the development of the fire
up to the point of flashover. The simulation represent a range of compartment
sizes from 8 to 1327 m?, with ceiling height varying from 2-4 to 12-2m and
vent openings from 10 to 100% of the length of the short wall (plus a ‘stan-
dard’ door, 0-76 m in width). For most of the simulations, the surface-lining
material was gypsum wallboard, 12-7 mm in thickness, consistent with the
values used in the correlations. A simple constant fire size was varied until the
calculated upper-layer temperature reached 600°C at the end of the simula-
tion. For some simulations, the surface linings ranged from aluminum to
a highly insulating foam and the fire source diverged from the simple steady-
state fire to more complex shapes.

The important test of all these prediction methods is in the comparison of
the predictions with actual fire observations. Figure 12 presents estimates of
the minimum energy required to achieve flashover for a range of room and
vent sizes. This figure is an extension of the earlier work of Babrauskas®* and
includes additional experimental measurements from a variety of sources,
most notably the work of Deal and Beyler.> In addition, it includes predic-
tions from the CFAST model.

As with some of the experimental data defining flashover as an upper-layer
temperature reaching 600°C, many experimental measures were reported as
peak values rather than minimum values necessary to achieve flashover. Thus,
ideally all the predictions should provide a lower bound for the experimental
data. Indeed, this is consistent with the graph-—the vast majority of the
experimental observations lie above the correlations and model predictions.
For a considerable range in the ratio Ay/ Aﬁ, the correlations of Babraus-
kas,>* Thomas,’® and McCaffrey et al.”? provide nearly identical estimates
of the minimum energy required to produce flashover. The estimates of
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Fig. 12. Comparison of correlations, CFAST predictions, and experimental data for the predic-
tion of flashover in a compartment fire.

Higglund®’ yield somewhat higher estimates for values of AT/A\/E greater
than 20.

The results from the CFAST model for this single-compartment scenario
provide similar results to the experiments and the correlations for most of the

range of AT/Aﬁ. For small values of AT/A\/Z, the CFAST wvalues rise
somewhat above the values from the correlations. These small values of

AT/Aﬁ result from either very small compartments (small Ay) or very large

openings (large Aﬁ), both of which stretch the limits of the assumptions
inherent in the model. For very small compartments, radiation from the fire to
the compartment surfaces becomes more important, enhancing the conductive
heat losses through the walls. However, the basic two-zone assumption may
break down as the room becomes very small. For very large openings, the
calculation of vent flow via an orifice flow coefficient approach is likely
inaccurate. Indeed, for such openings, this limitation has been observed
experimentally.>* Still, the estimates are close to the ranges provided by the

correlations which also diverge at very small values of AT/Aﬂ.

Perhaps most significant in these comparisons is that all the simple correla-
tions provide estimates similar to the CFAST model and all the models are
consistent with a wide range of experimental data independent of the correla-
tions. For this simple scenario, little is gained with the use of the more
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complex models. For more complicated scenarios, the comparison may not be
as simple.

3.2 Other comparisons

Arguably, the most frequent question asked about a fire is ‘How hot did it
become’? Temperature in the rooms of a structure is an obvious indicator to
answer this question. Peak temperature, time to peak temperature, or time to
reach a chosen temperature tenability limit are typical values of interest.
Papers by Peacock et al.! Beard,? Deal and Beyler,”® and Reneke et al.*8 are
illustrative.

Figure 13 shows a comparison of measured and predicted upper-layer
temperature for several tests studied. For the single-room tests, predicted
temperatures show obvious similarities to the measured values. Peak values
occur at similar times with comparable rise and fall for most comparisons.
Peak values are typically higher for upper-layer temperature and lower for
lower-layer temperature and layer interface position. For all the tests, includ-
ing the single-room tests, times for peak values and times for 100°C predicted
by the model average within 25 s of experimentally measured values.

Systematic deviations exist for the remaining three data sets. Differences
between model predictions and experimental measurements change mono-
tonically over time (rising for the three-room test and falling for the four-
rooms tests. Modeling of heat conduction (losing too much or too little heat to
the surfaces) or lack of modeling of leakage (rooms are presumed perfectly
sealed unless vents are included to simulate leakage) may account for the
trends.

In general, upper-layer temperatures predicted by the model are higher than
experimental measurements, with the differences ranging from —46 to 230°C.
Conversely, the lower-layer temperature is somewhat lower for the model
than for the experiments (— 60 to 5°C). Presuming conservation of energy (an
underlying assumption in all fire models), these observations are consistent.
Limitations inherent in the model also account partially for these trends. In
the current version of CFAST, energy exchange in the lower layer is only by
mixing or convection from surfaces. Adding radiative exchange to the lower
layer would reduce the upper-layer temperature and increase the lower-layer
temperature. Layer interface position is primarily affected by entrainment by
the fire or at vents. Underestimation of the conduction would also account for
the effect. Plume entrainment in CFAST is based on the work of McCaffrey on
circular plumes in relatively small spaces. For large fires in small spaces where
the fire impinges on the ceiling (such as the single-room tests with wall
burning) or very small fires in large spaces (such as atria), these correlations
may not be as valid.
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Fig. 13. Comparison of measured and predicted upper-layer temperatures for several tests.
(Numbers indicate comparable rooms in the test structure.)

4 CONCLUSIONS

This paper has presented a number of alternatives for evaluating both simple
and complex room fire models. For the models and test cases examined, heat
release rate and heat transfer effects are the dominant factors in determining
the behavior of the models. For simple models like the ASET model, analyti-
cal techniques can be readily applied. For more complex fire models, obtain-
ing an overall assessment of model sensitivity increases with the complexity of
the model, requiring evaluation of numerous model inputs and outputs. Thus,
more directed local investigations are appropriate.

In the past, sensitivity analysis has been applied with limited success to fire
models. In this paper, both analytical and numerical techniques were applied
to obtain limited estimates of model sensitivity. Several areas which need
additional research are apparent in order to be able to perform broader
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analyses:

Presenting the results of a sensitivity analysis—For a complex fire model
with m inputs and n outputs, a complete sensitivity analysis will result in
a matrix of m- n time series. It is unlikely that this much information will
be of general use. It may be appropriate to develop threshold values for
important outputs to alert the model user of particularly sensitive effects
for a given test case.

Range of applicabilty for fire model inputs—Little guidance is available in
documentation for any of the current generation of room fire models on
the range of applicability of the inputs to the models. For example, for
different scenarios of interest, compartment size could range from small
residential rooms to large industrial plants. Such information is impor-
tant in order to obtain an overall picture of model performance and
allow the models to be studied over the entire range of applicability.
Selecting specific model inputs for study—With a sensitivity analysis of
any model, numerous scenarios must be tested with the model. Although
current computer capabilities allow far more simulations to be conduc-
ted than in earlier studies, the scope of room fire models continues to
expand. Suitability of particular statistical designs to the selection of
specific scenarios to be simulated should be included in future studies of
fire model sensitivity.

Calculating sensitivity functions for a complex fire model—In order to
apply analytical techniques for sensitivity analysis of a complex fire
model, the sensitivity equations need to be included in the equation set
solved directly by the model. Even though it is desirable to obtain an
overall picture of model performance, the broad range of application of
current models demonstrates that whatever range of study is chosen,
applications outside this envisioned range will continue to be of interest.

Comparisons of model predictions with experimental measurements to
date have been largely subjective in nature. Areas of additional research
which would address the need for more quantitative comparisons include the
following.

Statistical treatment of the data—Presentation of the differences between
model predictions and experimental data in this paper are intentionally
simple. With a significant base of data to study, appropriate statistical
techniques to provide a true measure of the ‘goodness of fit’ should be
investigated.

Experimental measurements—Measurement of leakage rates, room pres-
sure, or profiles of gas concentration are atypical in experimental data.
These measurements are critical to assessing the accuracy of the
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underlying physics of the models or of the models ability to predict toxic
gas hazard.

An P I ]
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Uncertainty—Uncertainty in model predictions can be estimated by
a sensitivity analysis. Estimation of uncertainty in experimental
measurements by performing replicate experiments is uncommon in
real-scale fire experiments. Such estimates for both model and experi-

ment would place the resulting comparisons in better context.
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