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This article provides a brief descrip­

tion of the work performed to assess the
relative accuracy of fire models for nu­

clear power plant applications. Ever
since the 1975 Browns Ferry fire, there

has been a great deal of interest in pre­

dicting the effects of fires in nuclear

plants. The NRC and plant operators

use fire models in probabilistic risk as­

sessment calculations to identify fire sce­

narios with safety risks. They also use

these tools to determine compliance

with, or exemptions from, existing fire

protection regulatory requirements. To

provide the regulator and the plant op­
erators with confidence in the calcula­

tion results, NFPA 805 requires fire
models to be verified and validated. To

this end, the NRC's Office of Nuclear

Regulatory Research, along with the
Electric Power Research Institute (EPRI)
and the National Institute of Standards

and Technology (NIST), has conducted

ill Fire Protection Engineering

an extensive verification and validation

(V&V) study of fire models that support
the use of NFPA 805 as a risk-in­

formed/ performance-based alternative

within the NRC's regulatory system.

The V&V Process

Given the complexity and range of
features in current fire models, it is im­

practical to evaluate the accuracy of

every model output. Thus, the NRC and

EPRI identified critical fire protection

concerns for nuclear power plants,

such as the integrity of electrical cables
and fire barriers, the effectiveness of

smoke removal systems and the move­

ment of smoke and hot gases from

compartment to compartment. In all,

13 predicted quantities were chosen,

including the depth and average tem­

perature of the hot upper layer, ceiling

jet and plume temperatures, the radiant
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and total heat flux onto walls and "tar­

gets," and the major gas species and
smoke concentrations.

The study does not cover the entire

spectrum of possible fire scenarios, ei­

ther in nuclear plants or in other types

of structures. To clarify its range of ap­

plicability, the study examined a vari­

ety of nondimensional and normal­

ized parameters that bound the

spectrum of scenarios it does cover
and recommends that users of the re­

port be aware that scenarios falling
outside of these bounds have not been

rigorously validated. The final report3
includes a discussion of the limits of

applicability of the results of the study.
Also, the validation study used the

heat release rate of the experimental

fires as an input, rather than a pre­

dicted output. The study provides an

assessment of the accuracy of current

fire models in predicting the trans-
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port of a fire's heat and combustion

products throughout a compartment.
While some of the models evaluated

do have the physical mechanisms to

predict fire growth and spread (for

example, Fire Dynamics Simulator4),

this study did not include an assess­
ment of those functions. From the

Fire Protection Engineering

standpoint of nuclear power plant

safety, it is important to assess how

accurately the models predict the
transport of energy from a specified
fire, because that is how these mod­

els are currently used in the nuclear

industry. A major finding of this study

is that the current generation of fire
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models predict transport fairly well.

This V&V study began in earnest in

2003, resulting in the seven-volume

report, "Verification and Validation of
Selected Fire Models for Nuclear

Power Plant Applications,"3 (NUREG­
1824). The report is available to the

public on the NRC's Web site

(www. nrc.gov/ readi ng-rm/ doc-col­
lections/nuregs/staff/). Five of the
seven volumes contain individual

evaluations of five fire models: (1) the

NRC Fire Dynamics Tools (FDTS),5 (2)

the EPRI Fire-Induced Vulnerability
Evaluation (FIVE),6 (3) the NIST zone
model Consolidated Fire And Smoke

Transport (CFAST)/ (4) the Electricite
de France zone model MAGICS and

(5) the NIST computational fluid dy­
namics (CFD) model Fire Dynamics
Simulator:

Experimental Uncertainty as a
Metric for Evaluating Fire
Models

NUREG-1824 is based upon
ASTM E1355, "Standard Guide for

Evaluating the Predictive Capability
of Deterministic Fire Models."9 The

guide describes four steps in the eval­

uation process for a given model: (1)
definition of the model and scenarios,

(2) assessment of the appropriateness
of the model's theoretical basis and

assumptions, (3) assessment of the
mathematical and numerical robust­

ness and (4) quantification of the un­
certainty and accuracy of the model

results in predicting the course of
events in similar fire scenarios.

It is this last step, model validation,

on which the study focuses. This en­

tails comparing model predictions

with full-scale fire experiments and

quantifying the results. ASTM E1355

provides some guidance for identify­
ing and selecting experiments and
measurements, but it does not define

explicitly how the results should be

quantified. A useful method to quanti­

tatively evaluate the hundreds of point­

to-point comparisons of predictions

and measurements arose through con­

sideration of uncertainty in the experi-
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Figure 3. Measured vs. Predicted Hot Gas Layer Temperature Rise.
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Figure 1. An experiment
conducted in a large
compartment (7 m by 22 m by
4 m high) at NIST for the US NRC
fire model validation study.
A 2 MW heptane spray fire is seen
through the open doorway, which
was instrumentedto measurethe

temperature and velocity fields.
Photograph by Anthony Hamins,NIST.
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Figure 2. A heptane pan fire
experiment at VTT, Finland.

Thisexperimentwas conducted in a
large fire testhall with a ceiling height
of 19 m. Photographcourtesyof Simo

Hostikka,VTT.
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To simplify the use of experimental

uncertainty as a metric for model

accuracy, a simple color system was
devised to indicate to what extent the

mental measurements. In selecting ex­

periments for the model evaluations,
an emphasis was placed on well-doc­
umented uncertainties in both the

measurement of the 13 parameters of
interest, and also the measurement of

model inputs, like material properties
and the heat release rate of the fire.

The combination of the experimental

uncertainty associated with both the

model input parameters and the meas­

ured model outputs served as a
benchmark for evaluation of the mod­

els. Photographs of a few of the se­

lected experiments are shown in Fig­
ure 1 and Figure 2.

An example of the process to deter­

mine experimental uncertainty is as fol­

lows: Suppose that the uncertainty in the
measurement of the heat release rate of

a fire was determined to be about 15

percent. According to the McCaffrey,
Quintiere, Harkleroad (MQH) correla­

tion,lO the upper-layer gas temperature

rise in a compartment fire is propor­
tional to the two-thirds power of the heat

release rate. This means that the 15 per­

cent uncertainty in the measured heat re­

lease rate that is input into the fire mod­

els leads to a 10 percent uncertainty in

the prediction of the upper layer temper­

ature. Combining this with the uncer­

tainty associated with the thermocouple

temperature measurement leads to a

combined uncertainty in the reported

temperature of about 13 percent. In
short, the fire model cannot be shown to

be more accurate than about 13 per­

cent. If all of the temperature predictions

for the five models and 26 experiments

are plotted on a single graph, along

with the combined experimental uncer­

tainty as seen in Figure 3, a much better

picture of model performance results. In
some sense, the experimental uncer­

tainty provides the modeler with a very

tangible goal- to predict the outcome of
a fire to within experimental accuracy.

How Accurate Are the Models?
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model predictions agreed with the

experimental measurements. "Green"

was used to indicate that a particular

model predicted a particular

parameter with accuracy comparable

to the experimental uncertainty.
"Yellow" indicated that the model

predictions were clearly outside of the

uncertainty bounds, indicating that
the difference between model and

experiment could not be explained

solely in terms of measurement
uncertainty. In cases where the model

consistently overpredicted the severity
of the fire, a ranking of "yellow+" was

used to emphasize the point.

For example, the predicted average

hot gas layer temperature rise (deter­

mined using a simple two-layer reduc­
tion method3) from all the models was

compared to the experimental meas­

urements (Figure 3). The hand calcula­

tion methods showed the greatest devi-

ation and scatter when compared to
the measurements, and were rated

"yellow+". Both the zone and CFD

models showed less scatter and very

similar accuracy for the experiments
under consideration, and all were

ranked "green" for this parameter.

Next, the predicted heat fluxes onto

various horizontally and vertically ori­

ented targets were considered (Figure
4). The CFD model, overall, was more

accurate for this parameter, even though

the zone and CFD models are of compa­

rable accuracy in predicting the gas tem­

perature. Why is the CFD model more

accurate in predicting heat flux? The

heat flux at a target is dependent on the
thermal environment of the surround­

ings, the details of which the CFD model

is inherently better able to predict. Hand

calculations and zone models predict
average temperatures over the entire
compartment, and thus are less accurate

in predicting a heat flux to a single
point. Nevertheless, all of the models

were assessed as "yellow" for this cate­

gory, merely to indicate to the model

user that even though CFD might be

more accurate, it is still challenging to

predict a heat flux, especially very close

to the fire, with any model.
Whereas the CFD model was more

accurate in predicting heat fluxes and

surface temperatures, the simpler

models performed equally well, some­

times better, for plume and ceiling jet

temperatures and flame heights. The
reason is that hand calculations and

two-zone models use well-established

correlations for these fire phenomena.
A CFD model solves the basic trans­

port equations, making it truly predic­

tive of these quantities, but not neces­

sarily more accurate. And the
increased cost of a CFD calculation is

substantial. The spreadsheet and two-
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zone models produce results in seconds to minutes, versus

a CFD model which takes hours to days. If hand calcula­
tions and zone model results are obtained faster and are

as or more accuracte than CFD results, why should an en­

gineer use a CFD model? Real fire scenarios can be more

complex than the experiments used in this study and may

not conform to the assumptions inherent in the hand calcu­

lations and zone models. Fire plumes may not be free and
clear of obstacles, because fires sometimes occur in cabi­

nets or near walls. Ceilings might not be flat and unob­
structed, because duct work, structural steel and cable

trays are often present. Although hand calculations and

zone models can be applied in these instances, the results
require more extensive explanation and justification.

Since CFD models can make predictions on a more local

level with fewer assumptions, the results are likely to be

more applicable in these more complex situations.

Figure 4. Measured vs. Predicted Radiation Heat Flux onto
Horizontally and Vertically Oriented Targets.
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