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ABSTRACT

T his paper presents a synthesis of the technicad and programmatic* lessons learned” in the Internationd
Collaborative Fire Modd Project (ICFMP) that was conducted from 1999 to 2008. T he verification and
vdidation (V&V) process in the ICFMP project was deve oped to examine the cgpabilities and limitations of
fire modds for nud ear plant fire safety and risk analysis, and to determine the predictive errors of fire modds.
Although current modds can rdiably predict globa parameters in nuclear plant compartment fires such as hot
gas temperature and interface height, they are limited and need to be improved for predicting important
paameters like heat flux to cabletargets. The devd opment of the V&V process provided experiencein the
conduct of blind exercises, however, it was not possible to determine the true predictive errors of the modd's
due to issues rdated to modd input data and procedures for blind exercises. T hese issues could be addressed
and the V&V process can beimproved. The experiencein the ICFMP has formed the basis of aV&V process
for the evd uaion of fire modds for nudear plant gpplications.

1. INTRODUCTION

This paper presents the “ lessons learned” from the veri fi cation and vdidation (V& V) exercises of computer
fire modd s conducted as part of the Internationd Collaborative Fire Modd Project ICFMP). An earlie paper
and report presented the author’ s work conducted in the ICFMP [1], [2]. The V&V process in the ICFMP
project was deve oped with two objectives:

1. To examinethe modding of the physics involved in severd nudear power plant (NPP) scenarios by
current state-of-the-art fire modds, and to deve op the capabilities and limitations of these modd s for
simulating such scenarios;

2. To deerminethe predictive accuracy of the modds (modd error) of important paramet ers for nud ear
plant fire safety andysis.

The author led the ICFMP project from 1999 to 2006 while he was a the U.S. Nudear Regulaory
Commission (USNRC) and & the same time a guest researcher a the Naiond Institute of Standards and
Technology (NIST). The synthesis of the ICFMP resultswas conducted as a project of Deytec, Inc. in 2010to
benefit the scientific community [3]. The successes and diffi culties faced in the ICFMP project in the
verification and vdidation of computer fire modds for rdiable use in nudear plant fire safety andysis is
presented here

2. INTERNATIONAL BENCHMARK EXERCISES

The ICFMP project consisted of five internaiona benchmark exercises in which nudear safety research
organizations from five countries (Germany, UK, France, Finland, and USA) atempted to verify and vdidate
fire modds developed in ther respective countries to standard problems developed by the ICFMP. The ™
internationd benchmark exercise incduded a hypotheticd exercise for fire scenarios in nudear plants for which
experimentd data did not exist [4]. The 2™ 39 4" and 5" intenaiond benchmark exercises consisted of
tests simulating nudear plant fire scenarios [5], [6], [7], [8]. Full-scde compatment fire experiments were
conducted by the USNRC a NIST for ICFMP Benchmark Exercise No. 3 to simulae a cable room with
various types of cables in di fferent configurations. Gesdlschaft fur Anlagenund Resktorsicherheit (GRS) in
Germany conducted tests for ICFMP Benchmark Exercise No. 4 to simulae intense fire scenarios in a
compartment, and ICFMP Benchmark Exercise No. 5 to simulate pool fires and cable flame spread. The
ICFMP project consisted of 11 internaiond meetings of project paticipants over a decade where the
benchmark exercises were devdoped, and results and “ lessons learned” discussed to formulate project reports.
Ddalls of the expeaiments, fire modd cd culations, and the results of each internationd benchmark exercise
are discussed in reports of the exercises cited above.

3. RESULTS

3.1 Capabilities and Limitations

The man god of fire safety and risk andysis in nudear plants is to predict damage to cables in various
configurations as damage to power, control, or instrumentetion cables could lead to the loss of reactor core
cooling during accident conditions and areactor metdown. Although the predictions of generd compatment



conditions, e.g. hot gas temperature and interface height, during a fi re were reasonable (10-20 % errors) for
most fire scenarios the prediction of parameters that are important for nudear plant safety andysis proved
much more difficult.

The dgorithmsfor predi cting convective and/or radiaive heet fluxes to the cables from the fl aming region and
hot gas is much more complex. The ahility to predict heat flux, especidly from the flaming region, was found
to be paticulaly chdlenging (40 % to > 100 % erors) as the dgorithms for caculaing hest flux and fire
fl ame charact eristics invol ve phenomenatha are presently not wel understood.

The compartment hot gas temperature is determined by plume flow and mass and energy bd ances which are
robust in the fire modd s and thereby result in rdiable predictions. T he temperature distribution in the hot ges
is dso adequatdy captured by computationd fluid dynamic (CFD) codes like the Fire Dynamics Simulator
(FDS) [9] over a wide range of conditions. The dgorithms for predicting door heat and mass flows, and the
oxygen and cerbon dioxide concentrations for ventilated fires are simple and rdiable. Carbon monoxide and
smoke concentrations can dso be rdiably predicted for ventilated fires as long as correct yi dds areinduded
for the combustion products inthe modds

The andysis of the five internationd benchmark exercises conduded tha current modds are limited in
predicting the following:

Movement and location of the fl aming region and fire plume
Under-ventilated conditions and fire extinction

Heat flux from the flaming region and hot gas

Cable target hedting

Intense fire conditions
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Fires in muti-levd buildngs
7. Mechanicd ventilation

T he prediction of the movement and location of the fire lame and plumeis criticd for nudear plant fire safety
andysis because the likdihood of cable falure will increase signifi cantly if the cables are immersed in the
flameor fireplume. The only modds that have been formulated to predict the movement and locaion of the
fire flame and plume are CFD modds likeFDS. Zone modd s such as Consdidated Fire and Smoke T ransport
(CFAST) modd [10] utilize asimple point source modd for the fire and empiricd corrd aions to determine
plume flow and therefore do not predict flame and plume movement. Comparison of CFD codes like FDS
with experimentd data over a wide range of fire scenaios indicate that CFD codes are presently unable to
predict the movement and location of the fire flame and plume in under-ventilated conditions or where the fire
flame and plumeis affected by a solid boundary near the fire. Theinability to adequatdy simulae the flame
and the effects of under-ventilation on the fire, and certan flow phenomena results in a lack of predictive
cgpability to simuate the movement and locetion of the fire plume under avariety of conditions.

The combustion process is extremdy complex with over a hundred combustion steps involved which are
dependent on temperaure. T he knowledge of the combustion process is currently limited and evolving with
research being conducted by the fire sci ence community. Present fire mode's, induding CFD codes like FDS,
are limited by the simple gpproaches induded in them for predicting under-ventilated conditions, combustion
products, and extinction of the fire. Severd initiaives are underway a research institutions to improve the
modding of the combustion process. Although these efforts are important steps to improve the modd, they
aein trid stages and not currently suitable for safety andysis for which the rdiability of a modd must be
assured.

When atarget cabl eis not directly in the fire flame and plume, it becomes important to ca culae the heat flux
to the target from the flaming region and hot gas. Current dgorithms used in fire modds to predict the
radiaive heat flux from thefire, and the radiaive and convective hea flux from the hot gas produce inaccurae
results and are not rdiable The computation of the heat fluxes to the target poses a chdlenge beyond the
fundamentd limited chility to characterize the fire and the radiative heat from it.

Assuming that oneis ableto predict the heat flux to the cables, it is necessary to have asuitable modd for a
target cable to cd culate its heeting. A detaled heat transfer modd for a ceble tray will be fairly complex.



Cabletrays generdly have anumber of cables bundled together in lay ers, and most cables consist of severd
conductors. Most current mode's do not indude atarget modd for such complex cable configurations or cable
compositions. Most fire modds have a simple one-dimensiond slab modd of uni form composition for targets
such as cables.

Modding verticd flow through horizontd vents in a zone modd posed a chalenge in Benchmark Exercise
No. 2 which examined fires in multi-levd buildings such as the turbine building in nudear plants. This was
due to the lack of spatid treetment in zone modds to account for multiple hatches that separate leves in a
building. Although the trends of globad parameers output from FDS for multi-levd fire scenarios seem
ressonable, thereis no experimentd dataavalabl eto vadidae the output. Notably, there was wide vaiation in
the prediction of hatch flow from various CFD fire modd s used in the multi-level benchmark exercise (No. 2).
Thevaiaion in flow patterns through the haiches led to the wide spread in predicted hot gas temperaure. A
wide spread of va ues for the upper deck was observed where the gas temperaures predicted by different fire
models varied by a factor of about 5. T his was atributed to the fluid dynamic complexities of an upper deck
connect ed to the lower deck by horizontd hatches. It was conduded that the phydcs of these flow phenomena
are not well understood since there was such alarge variaion between the fire modd predictions.

The andysis of scenarios with mechanicd ventilation showed that errors in the prediction of fire extinction
can result unless the fire modd is coupled to the mechanicd ventilation system, i.e the pressure changes of
the fire compartment can affect the flow rat es of the mechanica ventilation system.

Findly, empiricd corrdaions in compilaions such as FDTs [11] are best suited for exploraory cd culaions
where arough estimate is suffici ent, while acknowledging the answers may contain large inaccuracies.

The V&V process in the ICFMP project was very beneficid in many respects. The benchmark exercises
dlowed di fferent modd s to be andyzed and compared against each another and experimentd data for awide
range of fire scenarios in nudear power plants. The compaisons of the trends beween codes and
experimentd data dlowed an examination of the modding of the physi cs of the scenarios. The capabilities
and limitations were derived from such comparisons and andysis. The V&V process in the ICFMP fadilitated
avery vduable exchange of information, andyses, and idess among participants regarding the physics of fire
phenomena, and successes and chdlenges in modding such phenomena

3.2 Determination of Modd Predictive Errors

3.2.1 Background

In order to determine modd predictive errors tha would be widdy accepted, the ICFMP project was
established by the parties to conduct blind (a priori) benchmark exercises, i.e. participants would conduct and
submit results of ther respective fire modd cd culaions based on a speci fi cation of the exercise prior to the
rd esse of experimentd data and learning of the results from other participants. Great efforts were expended
to deveop the specification of the benchmark exercises in sufficent detail to minimize the variance in the
input parameter vaues used to conduct the blind cdculaions. The god of the blind exercises was to provide
paticipants a process in which they could establish the true predictive erors of their modds in an
internationd forum. T hese results could then be used by the respective organizations for gpplication.

When making comparisons of fire modd results to experimentd measurements, there are two generd
gpproaches that can be followed: apriori (ekablind) and a posteriori (aka open). In a priori simulations, the
mode er knows only a description of the initid scenario. The modder has no access to the experimentd
measurements of the event and thus will be providing a true forecast of the quantities of interest. In a
posteriori simulaions before the simulaionis run themodder knows the initid scenario and dso how the fire
devedoped (i.e viathe experimentd measurements). Most fire modd vdidations in fire safety engineering
have been conducted a posteriori.

Only comparison of a priori and a posteriori simulations of the same event dlows one to investigae the
possible effects tha are introduced by prior knowledge of how the event developed. The importance of this
effect in fire safety engineering is currently an advanced research topic and under study by di fferent research
groups.



The 2006 Ddmarnock Fire Tests conducted in ahigh-rise building were used to look into the problem. An
internationd study of fire modding was conducted prior to Damarnock Fire Test One[12]. T he philosophy
behind the tests was to provide meassurements in a redistic fire scenaio with very high instrumentation
density (more than 450 sensors were instdled in a3.50 m by 4.75 m by 2.45 m compartment). Each of the
seven paticipaing teams independently simulated the test scenaio a priori using a common detaled
description. Comparison of the modding results shows a large scater and considerable dispaity among the
predictions and between predi ctions and experimenta measurements.

The differences between a priori and a posteriori modding become patent when comparing the round-robin
results with the work conducted after the Dadmarnock daa was publidy disseminated. Subsequent studies
[13][14][15] show that it is possible to conduct a posteriori fire simulaions tha reproduce the generd fire
behavior to a satisfactory levd. This was achieved due to the avalability of experimentd data of the red
behavior for reference, dlowing for iterations until an adequate input file was found.

As indicated above current modds provide rdiable predictions for compartment globd parameters tha are
good enough to be applied towards engineering problems if a robust and conservetive methodology is defined.
A prerequisite for this methodology is that it applies appropria e safety factors. An important point istha in
the 'red world' fire enginearing gopplicaions are most frequently gpplied to simulate events for which red
behavior had not been (and will never be) measured [16]. These simuations are a priori simulaion, not a
posteriori. However, most fire modd vdidaions in fire engineering have been conducted a posteriori.
Therefore, it is necessary to have apriori comparisons of fire modds and address full modd vdidation.

Only apriori simulations are free of the possible bias that could be introduced by prior knowl edge of how the
event devdoped. The magnitude and importance of this bias in fire engineering is currently unknown. The
ICFMP project atempted to address this issuethrough the conduct of blind benchmark exercises. T he project
recognized that it is important to derive true modd errors without any biases introduced such tha gppropriae
safety factors and margins can be introduced in fire safety designs when using the fire modds.

3.2.2 V& V Procedures Established in ICFMP

As mentioned earlier, the sped fications of the benchmark exercises in the ICFMP were deve oped with great
efforts to indude suffi cient details about the inputs required for the fire modds. The god was to minimizethe
uncetainty and debate about input parameters such tha the predictive errors of the modds could be
determined. As evidenced by the speci fi cations of the benchmark exercises [5][6][7][8], the modd input data
were specified in sufficient detail such tha there was minimd reason for “ user effects’ to afect the modd
results, i.e. from different andysts making different assumptions about input data

Anelysts were requi red to make some assumptions about their mode sfor the benchmark exercises, eg., intid
conditions, grid size for CFD and lumped-parameter cd culaions, and any options available for their specific
modeds. These assumptions are aso necessary for enginearing cdculaions. An engineering cd culaion for a
design fireis ablind cdculaion as experimenta data for that particular fire scenario does not exist. Although
sensitivity andysis is gopropriae in design cdculaions, andysts must choose the optimd vdue for the
assumption, eg., grid size, which the andyst bdieves is most gopropriat e and/or practicad for the andysis of
thefire scenaio. Any sensitivity/uncertainty anaysis aout this optima vdue can be done and presented in a
blind cdculation, but the optima prediction of the modd is with the optima assumption of grid size, etc. for
the fire scenario. The safety factor for fire protection systems design will be based on the optimd predictive
cgpability of the model derived in thismanner.

The V&V procedures in the ICFMP dso addressed the argument that commonly aises in blind V&V
exercises tha experiments cannot be replicaed and therefore the fire experimentd data have large
uncertainties for the purpose of blind fire modd vdidaions. Of the fifteen tests tha were conducted for
Benchmark Exercise No. 3, four were replicate tests representing the wide range of compartment conditions in
the test series for the exercises. It was shown that the compartment conditions were dmost duplicated in the
replicatetests [6]. T here was no chalenge to the test results from ICFMP participants based on the argument
that fire tests can never be conducted to duplicate the same resuilts.

The test series for Benchmark Exercise No. 3 was very successful in beng conducted according to the test
plan and speci fication of the exercise distributed to paticipants in the blind exercise. T hisaddressed the issue



that arises in blind vdidations that tests are sddom conduct ed according to thetest plan. The uncertainty of
the heat rd ease rat e in the experiments was dueto adefici ency in the measurement system and not because
fire experiments cannot be conducted according to atest plan. Also, minor changes to thetest plan priorto the
tests were communicated to ICFMP partici pants as addenda to the specification of the blind exercise

The expaimentd results were rdeased to dl participants after the blind fire modd predi ctions were submitted
to acentrd contact. However, the submission and collection of blind cd culaions was not conducted per an
established internationa standard and was informa due to the collegid nature of the collaborative project.

3.2.3 Issues Identified inthe V& V Process

T here were two categories of issues identified in the V&V exercises in the ICFMP:

1. Lak of agreement among participants on the measurements and data needed as input to the fire
mode's beng exercised;

2. Lak of an established formd procedure for the submission and collection of blind cd culaions from
the participants.

The man three input parameters that wereissues in the V&V process were: (1) Heat Release Rate (HRR); (2)
Radiaive Fraction; and (3) Themd Parametas of Compatment Boundary. These input paameers dso
have the greaest effect on output parameters of interest in nudear plant fire safety andysis. Although
atempts were made a measuring and speci fying these parametes for the benchmark exercises, there was
disagreement among participants as to the correct vaues to be used as input for the fire modds. For example,
Table 1 shows the evolution of the heat re ease rate speci fied by the experimentdists for Test 3 of Benchmark
Exercise No. 3 that resulted from considerable discussion by ICFMP participants of the gppropriate andysis
method for the messured data The heat rdease raes in the Table vary by more than 20 %. In the end,
ICFMP participants utilized the HRR vdues for the benchmark exercise tha they determined to be correct and
justified based on ther respective andyses of thedata T here was dso disagreement on the radiative fraction
of hea from the fire and the theema properties of the compartment boundary. Vdues for these parameters
used by participants in the benchmark exercises vari ed from 15 % to 45 % for the radiaive fraction, and were
different by up to 50 % for the thermd properties of the compartment boundari es. T he disagreement on the
vaues of these parameters extended to Benchmark Exercise No. 3 even though extensive efforts were made to
specificdly messure the vaues of those parameters for materids used in the exercise [3]. Extensive
discussion of the dataissues isprovided in thefull ICFMP reports and Reference No. 3.

Table 1 Evoluiion of Heat Release Rate for Benchmark Exercise No. 3, Test 2.

Rd ease Date July 2 July 21, Sept. 9, April 4, June

2003 2003 2003 2004 2005
HRR - from fud flow 1050° 1050 1150 1150 1150
HRR - from 1150 1260 1260 1260 1190
cdorimetry

"HRR spedified in kW.
bpri or to release of experimentd data

Since there was no agreement on these inputs to the modd's, participants changed their cd culaions based on
modified vaues of modd input parameters they bdieved to be correct after the experimentd results were
rdessed to paticipants. Blind fire modd predictions had been submitted to a centrd contact, but the
submission and collection of blind cdculations was informa due to the lack of an internaiond standard and
the collegid naure of the collaborative project. In the end, it was up to paticipants to declare which
cdculaions were open or blind. There was dso some confusion on the definition of ablind exercise used in
the ICFMP because other definitions exist inthe literature.

The modd errors derived for output parameters was signifi cantly different (up to 55% differences in modd
eror) among participant cadculaions using the same fire modd, or using modds with the same degree of



sophistication. Therefore, it is conduded tha the ICFMP benchmark exercises were not successful as blind
vaidation exercises. However, the devd opment of the V&V process provided experiencein the conduct of
such blind exercises and the issues tha provided a chdlenge Theseissues could be addressed and the V&V
process can be improved.

4. RECOMMENDATIONS

It is recommended that current fire modds be improved in thar ability to predict hea flux and cable heat up,
especidly when cables are closeto the fire flame, as such applications are criticd in nudear pl ant fire safety
andysis. Research is recommended on the measurements that are needed to provide the input vdues to fire
modds as documented in this pgper and the full ICFMP reports of the benchmark exercises. It should be
noted that uncertainty quantification of the input variables does not solve the issue posed in this pgper as the
issue is to prevent the vaiation of input parameers for a desired result, i.e to better match experimentd
messurement in ablind exercise

It is further recommended that an internationd standard be developed to:

1. Establish a consensus on the measurement methods for parameters that are needed as input to fire
modes;

2. Develop to the extent possible a consensus on the vdues, or the methods to obtain vdues, for
paramet es tha are needed as input to fire modds;

3. Establish a process to ensure tha blind cd culaions are used to establish modd errors and safety
margins in safety andysis,

4, Examine and include* third party vdidation” as an option for establishing true modd errors.

It should be noted that the input required for fire modds is very dependent on the gpplications as fire modds
are presently used in awide range of applicaions in many industries. A generd standad is possible, but the
speci fics for each gpplication should be deveoped as addendato the standard. T he speci fics for nud ear plant
goplications can be devel oped based on the issues identified in the ICFMP.

The third paty vdidation option could address many of the issues identified in this report regarding the
conduct of blind cdculaions. The differences between blind and open results have been studied and

documented. Studies have shown that it ispossibleto conduct open fire simulaions tha reproduce the generd

fire behavior to a satisfactory levd. Thisis achieved due to the avalability of experimentd data of the red

behavior for reference, dlowing for iterations until an adequaeinput filewas found. Only blind simulaions
are free of the possible bias that could be introduced by prior knowledge of how the event devdoped. Third
paty vdidation could address the issue of the possible bias introduced in fire modd vdidations by providing
an independent assessment and determination of the mode errors. T hird party vaidation could dso be used to
provide vdidations as newer versions of a particular fire modd are rdeased. It is recommended tha standards
established in other industries, where modd accuracy is important for safety, such as the medicd fiedd where
extensive literature exists be reviewed in the devdopment of the standard for fire modd vdidaion. For
example, the Food and Drug Administraion (FDA) qudity control requirements for medicd software and

modes are very complex, and require expert documented and non devedoper vdidation and veificaion. An
internationd standard for fire modd vaidation could dso limit the liability exposure of modd ers that deve op
fire safety systems.

Findly, it shoud be noted thet substantid efforts and resources were expended in the ICFMP for the
assessments reported here and dsewhere. At least 35 participants from seven organizaions in five countries
contributed signifi cant resources to the effort over ten years. In contrast to this effort, substantidly more
resources will be required to improve the modds to make them more rdiable and useful for nudear and other
goplications. Also, significant resources will be required to improve the V&V process and esteblish an
internationd standard tha will bring fire modes to the same | eve of rdiability as those modds gpproved by
safety organizations such as the Food and Drug Administration Naiond andinternationd safety and research
organizations are encouraged to provide the necessary sponsorship of programs to improve fire modds and
ensure ther rdiable use in safety gpplications.
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