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1 Abstract

This report presents the results of an evauation of fire modes for nuclear plant fire safety
and risk analy sis conducted as part of the Internationa Collaborative Fire M odel Project
(ICAM P) by the author. The main objective of this report, which follows severa detailed
technical reports by the author on benchmark exercises conducted in the ICFM P, isto
highlight the current limitations of fire models for nuclear plant applications. This report
presents the results of blind, unbiased analy ses tha were conducted to derivethetrue
errors in mode predictions. Such analy ses and presentations arerarein the fire modeling
literature. Theanalysesindicatethat fire models a the present are severely limited in
predicting parameters of mgor interest in nuclear plant fire safety and risk andy sis.
Erroneous decisions | eading to unsafe nuclear plant conditions will result if thefire

model limitations presented in this report are not considered in fire safety decision
making. Bounding cd culations with the fire modds can still be conducted, as long as the
limitations of the models are acknowledged, understood and taken into account.

Research and improvement programs should be developed to overcome these limitations
so that fire models become a reliabl e and mor e useful tool for nuclear plant fire safety
andysis.
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4 Executive Summary

This report presents the results of an evauation of fire modes for nuclear plant fire safety
and risk analy sis conducted as part of the Internationa Collaborative Fire M odel Project
(ICAM P) by the author. The main objective of this report, which follows severa detailed
technical reports by the author on benchmark exercises conducted in the ICFM P, isto
highlight the current limitations of fire models for nucl esr plant applications. This report
presents the results of blind, unbiased analy ses tha were conducted for five international
benchmark exercises in the ICFMP to derive thetrue errors in mode predictions. Such
analy ses and presentaions arerarein the fire moddingliterature. The CFAST
(Consolidated Fire and Smoke Transport) zone model, FDS (Fire Dy namic Smulator)
computationd fluid dynamic (CFD) model, and a col lection of empirical fire corrdations
in FDTs (Fire Dynamic T ools) were used for the analy sispresented in thisreport. The
andyses indicate that fire modds and empirical correlations a the preset are severdy
limited in predicting parameters of major interest in nuclear plant fire safety and risk
anaysis. Erroneous decisions leading to unsafe nucl ear plant conditions will result if the
firemodel limitations presented in this rgport are not considered in fire saf ety decision
making. Bounding ca culations with the fire models can still be conducted, aslong as the
limitations of the models are acknowledged, understood and taken into account.

Research and improvement programs should be developed to overcome these limitations
so that fire models become ardiable and useful tool for nuclear plant fire safety anaysis.

Themain god of firesafety and risk analysis in nuclear plantsistopredict damageto
cables in various configurations as damage to power, control, or instrumentation cables
could lead to theloss of reactor core cooling during accident conditions. Although the
predictions of general compartment conditions, e.g. hot gas temperature and interface
hei ght, during afire wer e reasonable (10-20 % errors) for most fire scenarios by the
CFAST and FDSfire modds, the prediction of parameters that are important for nuclear
plant safety anaysisproved much more difficult.

The compartment hat gas temperature is determined by plume flow and mass and ener gy
balances which are robust in the fire modes and thereby result in reliable predictions.
Thetemperature digribution in the hot gas is dso adequately captured by CFD codes like
FDS over awiderange of conditions. The d gorithms for predicting door heat and mass
flows, and the oxy gen and carbon dioxide concentrations for ventilated fires are simple
and reliable. Carbon monoxide and smoke concentrations can also bereliably predicted
for ventilated fires as long as correct yields areincluded for the combustion products in
themodds. Thed gorithms for predicting convective and/or radi ative heat fluxes to the
cables from the flamingregon and hot gas is much more complex. The ability topredict
heat flux, especidly from the flaming regon, was found to be particularly chalengng
(40 % to > 100 % errors) asthe dgorithms for caculating heat flux and fire flame
characteristics involve phenomenathat are presently nat well understood. Although the
corrdations for FDTs are suitable for simplefire scenarios and parameters, they are
severdy limited for most fire scenarios in nuclear plants.
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Limitations

The andysis of thefiveinternational benchmark exercises summarized in this report
concluded that current models are severely limited in predictingthe following:

M ovement and location of the flamingregion and fire plume
Under-ventilated conditions and fire extinction

Hesat flux from the flamingregon and hot gas

Cabletarget heating

Intense fire conditions

Firesin multi-leve buildings

M echanicdl ventilation

Nogahs~wdE

The prediction of the movement and location of thefire flame and plumeis critica for
nuclear plant fire safety anay sis because the likelihood of cable failurewill increase
significantly if the cables areimmersed in theflameor fire plume. The only modes that
have been formulated to predict the movement and location of the fire flame and plume
are CFD moddslike FDS. CFAST utilizes asimple point source mode for thefire and
empirica correl ations to determine plume flow and therefore does not predict flame and
plume movement. Comparison of FDS predictions with experimenta dataover awide
range of fire scenarios presented in this report indicate that the codeis unableto predict
the movement and location of thefire flame and plume in under-ventil ated conditions or
wherethe fire flame and plume is affected by asolid boundary near thefire. The
inability to adequatedly simulate the flame and the eff ects of under-ventilation on thefire,
and certain flow phenomena, results in alack of predictive capability to simulate the
movement and location of thefire plumeunder avariety of conditions.

The combustion process is extremely complex with over ahundred combustion steps
involved which are dependent on temperature. The knowledge of the combustion process
is currently limited and evolvingwith research being conducted by thefire science
community. The FDSmode attemptsto simulate the combustion processwith amixture
fraction mode. Theanalysis presented in this report confirmed the lack of current
knowledge and the limitations of this simple approach for predicting under-ventilated
conditions, combustion products, and extinction of the fire. Updates are ongoingto
improvethe FDSmode to include the eff ects of temperature on combustion, and to
simulate the production of soat and carbon monoxide. These models currently have
severd “dids” that haveto betuned in order to make predicted results match
experimenta data. Although these efforts areimportant $eps to inprove the mode, they
areintria stages and not currently suitablefor safety andysis for which therdiability of
amode must be assured.

When atarget cableis not directly in thefire flame and plume, it becomes important to
caculatethe heat flux to thetarget from the flamingregon and hot ges. Andysis
presented in this report shows tha current algorithms used to predict the radiative heat
flux fromthefire, and the radiative and convective heat flux from the hot gas produce
inaccur ate results and are not reliable. The computation of the heat fluxes to the target
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poses achalenge bey ond the fundamenta limited ability to characterizethefireand the
radiative heat from it.

Assumingthat oneis ableto predict the heat flux to the cables, it is necessary to havea
suitable modd for atarget cableto calculateits heating. A detaled heat transfer modd
for acabletray will befarly complex. Cabletrays generally have anumber of cables
bundled together in layers, and most cables consist of severa conductors. The CFAST or
FDS codes currently do not include atarget modd for such complex cabl e configurations
or cable compositions. The CFAST and FD S codes have asimple one-dimensiond slab
model of uniform composition for targets such as cables. Large uncertainties are noted in
the prediction of cable and wals temperatures by CFAST and FDSin this study. The
thermd inertiaof the cables or walls tends to reduce the magnitude of the inaccuracies
caused by the crude target models on the pesk temperature predictions. However, the
heat up of the cables, aparameter moreimportant for safety andysis, predicted by the
codes is much slower than observed in the experiments.

Analysispresented here of intense and severefire conditions with the CFAST code
produced erratic results dueto the fundamenta limitation of the modd for scenarios with
high heat fluxes. M odelingvertical flow through horizonta ventsin CFAST (azone
model) also posed achalengein abenchmark exer cise which examined fires in multi-
level buildings such as the turbine building. This was dueto the lack of spaia treatment
in the codeto account for multiple hatches that sgparate levelsin abuilding, and the
simple criterion used to determine the direction of flow through avertical openingwhich
led to erratic results.

Although the trends of goba parameters output from FDSfor multi-level fire scenarios
seem reasonable, thereis no experimentd data availableto vaidate the output. Notably,
therewas wide variation in the prediction of hatch flow from various fire models used in
the multi-level benchmark exercise. Thevariation in flow patternsthrough the hatches
led to the wide spread in predicted hot gas temperature. A wide spread of vaues for the
upper deck was observed where the gas temperatures predicted by different fire models
varied by a factor of about 5. This was attributed tothe fluid dy namic complexities of an
upper deck connected to the lower deck by horizonta hatches. It was concluded that the
physics of these flow phenomenaare not well understood since there was such alarge
variation between the fire modd predictions.

The analysis of scenarios with mechanica ventil ation showed that errors in theprediction
of fire extinction can result unless thefire modd is coupled to the mechanical ventilaion
system, i.e. the pressure changes of the fire compartment cen affect the flow rates of the
mechanical ventilation sy stem.

Finally, the results of this gudy indicate that the empirica corrdaionsin FDTs are best

suited for exploratory caculations where arough estimateis sufficient, while
acknowledgngthe answers may contan large inaccuracies.
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Recommendation

Not withganding the above limitations, bounding anadysis with fire models is still
possible as long as the limitations identified in this report, which are not al
encompassing, ar e acknowledged, understood and taken into account. Boundinganaysis
can be conducted by initialy examiningwhether the target will beimpinged by the
movement of the flame and fire plume. Cal culations can then be conducted based on
whether the cable target will beimmersed in the flaming and plumeregion, or only
exposed to radiative heating from the fire, and convective and radiative heating by the hot
geses. Fire science and modding is an evolvingarea. It isimportant totaketimeto
understand thephy sics and performance of models when applyingthem. This document
and others from the ICFM P project are good sources of information.

Research and improvement programs should be developed to overcome the limitations
identified in this report sothat fire models become areliable and useful tool for nuclear
plant fire safety anaysis. This report and the more detailed reports of the ICFM P project
provide some recommendations on gpproaches to inproving the modes to overcomethe
identified limitations. Phasell of the |ICFM P project which was planned to conduct
model i mprovements based on the findings of Phase | should be initiated.
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5 Acronyms and Initialisms

BE Benchmark Exercise

CFAST Consolidated Fire and Smoke Transport
CFD Computaiona Fluid Dynamics

FDS Fire Dy namic S mulator

FDTs Fire Dy namics Tools

C Centigrade

CO2 Carbon Dioxide

CO Carbon M onoxide

BExpt. Experiment

HGL Hot Gas Layer

HRR Heat Release Rate

iBMB Institut fur Baugtoffe, M assivbau und Brandschutz
ICFM F Internationa Collaborative Fire M odel Project
1&C Instrumentation and Control

kg Kilogram

kw Kilowatt

LC Lower compartment

LOL Lower Oxygen Limit

m M eer

m2 Square meter

m Square meter

m3 Cubic meter

max M aximum

mg Milligram

mu-gm Microgram

NIST Neationd Institute of Sandards and Technology
02 Oxygen

Pa Pasca

PVC Polyviny| Chloride

Rad Radiation

S Second

TC Tree Thermocoupletree

ucC Upper compartment

USNRC U.S. Nuclear Regulatory Commission
Vol. Volume

w Watt

XPE Thermoset

Zf Mixture fraction at flame surface

Deytec Technicd Report 2009-05 X © Deytec, Inc. 200¢



1 Introduction

Thework presented in this report was initiated by the author when he was employed at
the U.S Nuclear Regulatory Commission (USNRC) and served as a guest researcher in
the Nationd Institute of Standards and Technology (NIST), U.S Department of

Commerce. Thework, including reanalysis, was completed by the author after he left
USNRC and established Deytec, Inc.

Efforts to review and establish performance-based fire saf ety anady sis methods in thefire
science community began in the mid-1990s. Severd periodic conferences wereinitiated
at that timeto dlow professionas and organizations to share their initiatives to establish
performance-based fire safety analy sis methods and regulations. These methods were
reviewed by the author at that time (Dey, 1998) when the USNRC initiated an effort to
evauate risk-informed, performance-based methods for nuclear power plant fire
pratection analyses. This review led the USNRC to initiate the development of arisk-
informed, performance-based regulation for fire protection at nuclear power plants (Dey,
1997).

TheInternationa Collaborative Fire M odel Project was initiated in 1999 by the USNRC
(Dey, 2000) to evaluate fire modes for nucl ear power plant gplications. The author led
the project from 1999 to 2006. The objective of the collaborative project wes to sharethe
knowledge and resources of various organizations to evauate and improve the stéae of
theart of fire modds for usein nuclear power plant fire safety and fire hazard anady sis.
The project was divided into two phases. The objective of thefirst phase wasto evauate
the capabilities of current fire models for fire saf ety anaysis in nuclear power plants. The
second phase was planned to implement beneficia improvements to current fire models
that areidentified in thefirst phase. Based on internationa workshops (Dey, 2001; Dey,
2003), fiveinternational benchmark exer cises were formulated and conducted to evauate
the cgpabilities and limitations of fire models to predict parameters of interest in nuclear
plant fire safety and risk anadysis. Typicaly, seven organizations from five countries,
Germany, UK, France, Finland, and USA, exercised their respective fire models in the
benchmark exercises. The fire models exercised were zone, lumped-parameter, and
computationd fluid dynamic (CFD) fire models. Empirical fire corrd ations were also
evauated. At least ten other organizations participaed in the ICFM P through peer
review of project documents and attendance a twelve project workshops held over ten
years.

This report presents asummary of the results of the andy sis of the five benchmark
exercises conducted with the CFAST (Consolidated Fire and Smoke Transport (Jones,
2009)) zone modd, FDS (Fire Dy namic Smulator (M cGrattan, 2009)) computationa
fluid dy namic model, and acollection of empirica fire corrdations contained in FDTs
(Fire Dynamic Tools (Igbal, 2004)) by the author inthe ICFM P project, and later updeted
for thisreport. The full reports of the anay ses can befound in Dey, 2002; Dey, 2009a;
Dey, 2009b; Dey, 2009¢; and Dey, 2009d. Reportsthat documented a synthesis of the
results of anaysis by the various organizations using ther respective fire models were
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aso developed in the ICFM P for each benchmark exercise (Dey, 2002; Miles, 2004;

M cGratan, 2007; Klien-Hessling, 2006; and Riese, 2006). A summary of thework done
for Benchmark Exercises 1-5 is contained the ICFM P Summary Report (Rowekamp,
2008). Thisreport only discussesthe andysis conducted by the author. A separatepger
will be published by the author that will discuss thetechnicad and programmatic “ lessons
learned” in the ICFM P project.

Chapter 2 provides asummary of thefiveinternationa benchmark exer cises conducted in
the ICFM P. Chapter 3 preserts adiscussion of the limitations of CFAST and FDSfire
models, and the FDTs empirica fire correlaions, based on anaysis of thefire scenarios
in the five benchmark exercises.
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2 International Benchmark Exercises

2.1 Benchmark Exercise No. 1 — Cable Tray Fires

This benchmark exer cise was desi gned to evaluate the capability of fire modesto
analyze cabletray fires of redundant safety sysemsin nuclear power plants. Safety
systems in nuclear power plants are required to safely shutdownthe reactor during
abnorma and emergency eventsto prevent areactor metdown. By regulation inthe US,
aspecified distance separates cabletray s of redundant safety sysemsif they arelocated
in the same compartment in which a sing e fire could potentially damage both systems.
Therefore, the anay sis of fires that could damage redundant safety trainsis an important
part of nuclear power plant fire hazard andysis.

This benchmark exercise was ahy pathetica exercise without any experimentd data. The
results of the different models can be andy zed and compared against each another, but it
was not possible to derive errors in the model predictions since there was no experimental
data. The benchmark exercise was developed for asimple scenario defined in sufficient
detall to dlow the evauation of the physics modeled in the fire computer codes. The
comparisons between codes can be used to understand the modding of the physicsin
them, i.e. if all the codes produce similar results over arange of cases for ascenario, then
the physics moddled in the codes is most likely understood and adequate for the scenario.
If the results from the codes are widdly different, then one can suspect that the physics of
the phenomenais not understood well and modeled adequately in any of the codes.

A representaive emergency switchgear room in anucl ear plant was selected for this
benchmark exercise. Theroomis 15.2 m (50 ft) degp x 9.1 m (30 ft) wideand 4.6 m (15
ft) high. The room contains the power and instrumentation cables for the purmps and
vaves associated with redundant safety systems. The power and instrument cabletrays
run the entire depth of the room, and are separated horizontaly by adistance, d. The
cabletrays are 0.6 m (~24 in.) wideand 0.08 m (~3in.) deep. A simplified schematic of
theroom, illustrating critical cabletray locations, is shown in Figure 2-1. Theroom has a
door, 2.4 mx 2.4 m (8 ft x 8 ft), and amechanical ventilation system with aflow rate of 5
volume changes per hour in and out of the room.

There were two partstothe exercise. The objective of Part | was to determinethe
maximum horizonta distance between a specified transient (trash bag) fireand tray A
that results in theignition of tray A. Pat |1 examined whether thetarget cabletray B will
be damaged for several heet rel easerates of the cabletray gack (A, C2, and C1), and
horizonta distance, d. The effects of the fire door being open or closed, and the
mechanical ventilation on or off, were examined in both parts of the benchmark exercise.

Thefull specification for the benchmark exer cise can befound in Dey, 2002.
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8.1

[}j AIR FLow
;

24

AN dsmensions are in meters

Figure2-1 Smplified Schematic of Emergency Switchgear Room for BE No. 1

2.2 Benchmark Exercise No. 2 — Pool Fires in Large Halls

Theanalysispresented in this rgport was conducted for Benchmark Exercise# 2, Part I1.
The objective of Part 11 of the second benchmark exercise was to examine scenarios that
aremore cha lengngfor zone models, in particular to fire spread in amulti-level larger
volumes. Theissues to be examined are asubset of those that will befaced by modéders
simulatingfires in turbine hdls in nuclear power plants. Thefollowing providessome
key dements of the specification of theprablem.

Presently, thereis no experimentd datatha would be representaive of turbine hal fires.
Therefore, Part |1 of Benchmark Exercise# 2 induded three hypathetica cases to examine
the effect of abigger fire end | arger floor arearepresentative of ahydrocarbon pool fire in
ared turbinehdl. Three scenario cases set inside arectangul ar building with dimensions
comparableto those of ared turbine hdl were andyzed. Cable and beam targets were
added to dlow the onsd of damageto be studied. Thefire size was chosento produce
temperaturestha may be cgpable of damag ngequipment or cables. Again, the
comparisons between codes can be used to understand the modeding of the physicsin
them, i.e. if all the codes produce similar results over arange of cases for the scenario,
then thephy sics modeled in the codes is most likely understood and adequate for the
scenario. If theresults from the codes are widely different, then one can suspect that the
physics of the phenomenais not understood well and modeled adequately in any of the
codes.
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Figures 2-2 and 2-3 show the dimensions and geometry of the building Thebuilding
isdivided into twoleves (decks) connected by two permanent gpenings (hatches).
Although many turbine hdls corntainthree decks, it was decided tha modeingtwo decks is
sufficient for thebenchmark exerciseto examinethe physics of these scenarios. Figure
2-3 shows the exact location of the internal callingand thetwo open hatches (each 10 m
by 5minsize).

west \

wall —

50 y |z south wall Izo

> =

. . | S
distancesin meter s 100

Figure2-2 Building Geometry for BE No. 2, Part |1 — External Dimensions

Deytec Technicd Report 2009-05 5 © Deytec, Inc. 2009



‘beam targets’

0.15m (x) x 0.006 m (y) horizontal slab
located 0.5 m below ceiling) _>I

----------
power cables /.

(0.05 m diameter)

- 4 Z 9
L e N l
v T D) y, y
14 >
25
-«
1
power cables
(0.05 m diameter)

‘beam ftargets’
(0.15m (x) x 0.006 m (z) horizontal slab)

thermocouple
column T3

———————— =+ —
=
) A
1
)
. )
fire source (dike) )
located at centre of )
lower deck )
(7 mx7 m thermocouple
column T2 )
—————————— ] ) %
\ )
| )
| )
\ )
25 \ )
L} )
\ )
thermocouple \ )
I columnT1 . ) y X
(] : y y
4 <
P olle |l e——
1 12.5
>

Figure2-3 L ocation of Fire Source, Hatches and Targets for BE No. 2, Part |1

Thethree cases hed different vertilation conditions, covering nearly -seded conditions,
naturd ventilation conditions, and a combination of natural and mechanica ventilaion.
For naturd ventilation conditions, a complete set of smoke exhaust vents a roof leve
and & complimentary set of meke-up vents inthe side walswere assumed to be goen for
thefull duration of the scenario. For naurd and mechanicd ventilation conditions, it was
assumed there are mechani cd vents a roof levd and that the make-up ar is supplied by
naturd ventilation openings in theside wals. For dl three cases, thefire sourceis
assumed to belube oil burning in adike (tray) with dimension 7mby 7 m, locaed & the
centre of the lower deck. To make Benchmark ExerciseNo. 2, Pat Il rdevant to
practicd applications, three cabletargets were introduced, similar to thefirg
benchmark exercise. Two structurd beam tar gets were dso included to examine issues
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rdated to the structurd integity of thebuilding Additionally, a‘human target” was
located 1.5 m abovefloor leve (theinternd ceiling) a the centre of the upper deck.

Thefull goecification of the benchmark exercise can befound in Miles, 2004.

2.3 Benchmark Exercise No. 3 — Full-Scale Nuclear Power Plant
Compartment Fire Experiments

Theresults of Benchmark Exercise No. 1 indicated large discrepancies between code
predictions which resulted from inadequacies in the sub model for the target, and the
prediction of heat fluxincident onit. Benchmark Exercise No. 3 was specifica ly
designed to examinethe predictive capability fire modelsto cd culate heat flux to atar get
and theresulting heating, specificaly to cables. The datafrom thetess can dso be used
to improve target models.

Figure 2.4 is aschematic of the compartment designed and used for Benchmark Exercise
No. 3whichis similar to that andyzed in Benchmark Exercise No. 1. The compartment
was 7.04 mx 21.66 m x 3.82 min dimension and desi gned to represent & redlistic-scd e
cableroomin anuclear power plant. Thetatd compartment volume was 582 m3.

Figure2-4 Schematic of Compartment for Benchmark Exercise No. 3

Wals and ceilingwere covered with two layers of 25 mm marinate boards, whilethe
floor was covered with two lay ers of 25 mm gy psum boards. The supply duct
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and horizonta cables are on theright side of the compartment as shown in Fig. 2.4, while
thevertical cabletray and exhaust duct are on theleft. Thelocation of some of the
compartment features are dso shown in Figure 2-4, includingthe targets (A-F),
thermocouple trees, junction box, fire pan, and the door. The compartment contained
three control cables (A, B, C), ahorizontd (Target D) and averticd cabletray (Target G)
with control cables, asolid polyviny| chloride (PVC) slab "target” (E), asinge power
cable (F), and ajunction box. Both PVC and thermo set (XPE) cables were used in the
experiments. A picture of some of the cables in the compartment is shown in Figure 2-5.

Figure 2-5 Cablesin Compartment for Benchmark Exercise No. 3

Thetargets were aranged to examine the following effects:
- Moddingone cable versus cables bundled in a cabletray
- Moddingacable as composed of aslab with uniform materid versus ared cable
geometry and composition
- Heatingcharacteristics of cables with alarge diameter versus smaler cables
- Elevation of thetarget in the hot ges layer
- Distance of target from thefire
- Vertical versus horizonta cable tar get
- Heatingof ajunction box ontheceiling

One goal of thetarget selections and locations was to develop datathat could be used
in establishing the degree of conservatism and margn in cabl e damage criteriathat
arepresently used inthefidd. Several thermocouples were placed alongthelengths
of thecablesin all thetargets to examinethe effect of € evation and distance from the
fire on cable heating.

Theteg configuration and fire scenarios were sel ected to examine the following eff ects:
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Heset releaserate

Natura ventilation with open door

M echanicd ventil ation sy sem operation
Combination of mechanica and naturd ventilation
Distance between fire and tar get

Target heatingdirectly in theplumeregon

SN E

Fifteen tests were conducted in tota for Benchmark Exercise No. 3 which resulted in a
vast amount of datafor mode evaluation and improvement. A picture of apartidly
under-ventilated fire in Test 13 is shown in Figure 2-6. A full specification of
Benchmark Exercise No. 3 can befound in Dey, 20098 and Hamins, 2006. Videos of the
firesin thetests can be found in Dey, 2009¢; and the experimental datafrom thetests can
befound in Dey, 2009f and Hamins, 2006.

Figure2-6 Under-Ventilated Firein Test 13 o Benchmark Exercise No. 3
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2.4 Benchmark Exercise No. 4 — Large Fire Experimentsin a
Compartment

Benchmark Exercise No. 4 was chosen to chalenge fire models and test their ability to
modd intensefires relative to the size of the compartment. The prediction of hest flux to
targets was aso again examined. Experiments with large pool fires in acompartment
conducted a iBM B (Ingitut fur Baugtoffe, M assivbau und Brandschutz) of the
Braunschwei g University of Technology, Germany were used for this benchmark
exercise. Theexperimenta room (see Figure 2-7) had afloor areaof 3.6 m x3.6 m and a
height of 5.7 m. Theroom was made of concrete and is naturally and mechanically
ventilated.

y X
Figure 2-7 iBMB Oskar Compartment Used for Benchmark Exercise No. 4

Deytec Technica Report 2009-05 10 © Deytec, Inc. 2009



Figure 2-8 View of the Targets in Benchmark Exercise No. 4

Twotests in thetes series conducted were used for ICAM P Benchmark Exercise No. 4.
Test 1 had an gpen door (seeFig. 2-7) which was located at the center of the front wall.
The door hed an ereaof 0.7 m x3.0m. In Test 3, the door openingwas partly closed by
reducingthefree cross section to 0.7 m x m. Although the mechanical ventilation was
not in operation, there was some flow which was measured. A 4 m x4 mfirepanwas
located in the center of the floor areaon aweight scale. Three diff erent types of targets
were positioned on the left side of the fire compartment. The materiads were"aerated
concrete”, concrete, and sted. Thetargetss were 0.3 m x 0.3 min sizeand are shownin
Figure 2-8.

Thefull specification of Benchmark Exercise No. 4 can befound in Klein-Hessling,
2006. Figure2-9 isapictureof thefirein Test 1.
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Figure2-9 Firein Test 1 of Benchmark Exercise No. 4

2.5 Benchmark Exercise No. 5 - Cable Exposure to Pool Fires in
a Trench

The experiments for Benchmark Exercise No. 5 were also conducted at iBM B (Ingitut
fir Baustoffe, M assivbau und Brandschutz) of the Braunschweig University of
Technology, Germany. Thefire scenarios in Benchmark Exercise# 5 were designed to
evauate the capability of fire models to predict the effects of pool fires in complex
geometries, cable heating, and flame spread in vertical cabletrays. Theandysis
presented in the next chapter examines the ability of fire models to predict the effects of
pool firesin complex geometries, and cable heating. An analysis of the capability of fire
modes to predict flame spread in cabletraysispresented in Riese, 2006.

The experimenta room (see Figure 2-10), which is the same as for Benchmark Exercise
No. 4, has afloor areaof 3.6 m x 3.6 mand ahe ght of 5.6 m. Theroom is made of
concrete and is naturaly and mechanically ventilated.
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Figure2-10 Schematic of Compartment for Benchmark Exercise No. 5

Natura ventilation takes place through an opening of 0.7 mwidth and 3.6 m height,
which is reduced by awal of 1.4 m height to an areaof agpprox. 1.5 n?. The selected tes
compartment was nat mechanicaly ventilated. Thefirst part of the selected tes consisted
of preheatingthe cabletraysintheroom. A pool 1 n? floor areafilled with ethanol
(ethylene acohol) located in atrench is used as apre-heating source. This 1% part of the
experiment is utilized for anaysisinthis sudy. A hood was ingaled above the front
door (SeeFigure 2-10). Theenergy release can be estimated using the hot gases flowing
into the hood and the oxy gen consumption method.

Two verticd cabletrays werelocated dongthe height of the compartment onthe
opposite side of the pool fireenclosed by al.4 mwal. Thetwo cabletrays werefilled
with power cables and instrumentation and control (1&C) cables, respectively. For Tes 4
in the series, which is used in this report, the cables were composed of PVC materid.

Thefull specification of the benchmark exercise can befound in Riese, 2006. Figure 2-
11 isapicture of thepool fire anadyzed here for Benchmark Exercise No. 5.
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Figure2-11 Pool Frein Trench in Benchmark Exercise No. 5
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3 Fire Model Limitations

This chapter discusses the limitations of the CFAST and FDSfire modes, and empirical
fire correlations contained in FDTs for nuclear plant fire safety and risk andysis. The
limitations presented here were derived based on analy sis conducted in the five
international benchmark exercises described in Chapter 2. Thefull analysis for the
benchmark exercises are contained in Dey, 2002; Dey, 2009a; Dey, 2009b; Dey, 2009c;
and Dey, 2009d. Theresults of blind, unbiased analy ses were used to derive thetrue
errors in mode predictions which are presented. The anadyses indicatethat fire models
and empirical correlaions a the presert are severely limited in predicting parameters of
magor interest in nucl ear plant fire safety and risk anaysis.

As discussed earlier, the main goa of fire safety and risk anaysisin nuclear plantsisto
predict damage to cables in various configurations as damageto power, control, or
instrument cables could lead to the loss of reactor core cooling during accident

conditions. Although the predictions of general compartment conditions, e.g. hot ges
temperature and interface hei ght, duringafire were reasonabl e (10-20 % errors) for most

fire scenarios by the CFAST and FDSfire models, the prediction of the heat fluxto and
heat up of cabletargets proved much more difficult.

The compartment hat gas temperature and interface hei ght are determined by mass and
energy balances and plume flow which are robust in the fire modes and thereby result in
rdiable predictions. Thetemperature distribution in the hot gas is aso adequatey
captured by CFD codes like FDS The agorithms for predicting door heat and mass
flows, and the oxy gen and carbon dioxide concentrations for ventilated fires are simple
and reliable. Carbon monoxide and smoke concentrations can also bereliably predicted
for ventilated fires as long as correct yields areincluded for the combustion products in
themodds. Thedgorithms for predicting convective and/or radi ative heat fluxes to the
cables from the flamingregon and hot gas is much morecomplex. The ability topredict
heat flux, especidly when targets are closeto thefireflame, was found to be particularly
chdlengng (40 % to > 100 % errors) as thedgorithms for caculating heat flux and fire
flame characteristics involve phenomenathat are presently nat well understood.
Although the corrdations for FDTs are suitable for simple fire scenarios and parameters,
they are severdy limited for most fire scenarios in nuclear plants. Fire modds can be
reliably used by firg examining the flame char acteristics in the fire scenario, and then
making bounding cd culations based on whether the cabl e target will be exposed to the
flameor only to hat gases.

3.1 Movement and Location of the Fire Flame

The prediction of the movement and location of thefire flame and plumeis critica for
nuclear plant fire safety anay sis because the likelihood of cable failurewill increase
significantly if the cables areimmersed in theflameor fire plume. The only modes that
have been formulated to predict the movement and location of thefireflame and plume
are CFD modes like FDS. CFAST utilizes asimple point source modd for the fire and
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empirica correl ations to determine plume flow, and therefore does not predict flame and
plume movement.

The combustion process is extremely complex with over ahundred combustion steps
involved which are dependent on temperature. The knowledge of the combustion process
is currently limited and evolvingwith research being conducted in the fire science
community. The FDSmode attemptsto simulate the combustion processwith amixture
fraction chemistry model. The modd is based on the assumptionthat large-scale
convective and radiative transport phenomena can be simulated directly, but physica
processes occurring at smal length and time scales must be represented in an
gpproximate manner. All species of interest are described in terms of ascaar quantity,
the mixture fraction Z(x, t). Theform of the stae relations between the species of interest
and the mixture fraction, based on classical laminar diffusion theory, lead to a“ flame
sheet’ modd wheretheflameis e two dimensiona surface embedded in athree
dimensional space. Oxygen and fuel diffuse from areas of higher to lower concentrations
and meset at the flame sheet where there is instantaneous and complete combustion.

M ultiple flames are approximated by asingle diffusion flame. Thelocal heat rel easerate
is computed from the loca oxy gen consumption rate a the flame surface, assumingthat
the heat releaserateis directly proportiona to the oxy gen consumption rate, independent
of thefud involved. The mixturefraction a the flame surface, Zf, is defined wherethe
fud and oxidizer simultaneously vanish. Zf is around 0.05 for most hy drocarbon fuels. In
the numerical dgorithm, theloca heat releaserateis computed by fird locating the flame
sheet, then computing the local heat rel easerate per unit area, and finaly distributingthis
energy tothe grid cdls cut by the flame sheet.

One assumption inherent in the mixture fraction model is that the combustion process is
temperature independent, i.e. the state relaions between the mass fraction of each species
and mixturefraction is fixed. FDSincludes some approximate techniques to account for
this assunption when the oxy gen concentration or temperatureis too low to sugan
combustion. For scenarios wherethe fireis under-ventilated, the flame sheet will be
extended to regons where the fuel and oxygen are a theideal stochiometric ratios input
tothemodd. Thisisshown in Figure 3-1 for Benchmark Exercise (BE) No. 2.

However, this does not indicate the presence of combustion in those regions because the
temperatures may nat be high enough to sustain combustion.

FDSversion 5 included a mixture fraction vector through which oxygen and fuel can
coexist, thereby attemptingto model extinction. Attempts are dso being made to include
an eddy dissipaion modd and two-stg combustion chemistry to simulate theproduction
of soot and carbon monoxide. These models currently have severd “ dials’ that haveto
be tuned in order to make predicted results match experimenta data. Although these
efforts areimportant stepsto improvethe modd, they arein trid stages and not currently
suitablefor safety anadysis for which the reiability of amode must be assured.
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Figure3-1 Isoqurface of Mixture Fraction (920 s) from FDS - BE 2, Part |1, Case 1

Theinability to adequately simulate the flame and the effects of under-ventilation on the
fireresults in alack of predictive capability to simulate the movement and location of the
fire plumeunder avariety of conditions.

Figure 3-2 compares the gas temperatures in thermocouple Tree 2 predicted by FDSwith
measurement for Test 2 of Benchmark Exercise No. 3. Thefire in this closed-door test
was extinguished due to under-ventilation a 630 s. The experimenta observation
indicates alargeincrease and oscil lations in gas temperature a Tree 2-7 statingat 540 s
(and someincrease a Tree 2-5) dueto thelateral movement of thefire plume dueto
under-ventilation at the end of thetransient. This flame and plume movement was aso
observed in thefire videos availabl e for Benchmark Exercise No. 3 (Dey, 2009¢). This
movement of the fire plume due to under-ventilation is not simulated by FDS. Smilar
oscillations a Tree 2-7 were dso noted for Test 4 and Test 13 of Benchmark Exercise
No. 3. The measured surface temperature of the control cable a D-T S-12 also showed an
30 C increase and oscillation starting a ~ 580 s caused by the laterd movement of the

flamingregon and plume dueto under-ventilation. None of these observations were
predicted by FDS.
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Figure3-2 Compartment Temperature (Tree2) - BE 3Test 2

The movement of thefire plumein this test is dso observed through both radiative and
tota measured fluxes shown in Figure 3-3 that indicate pesks startingat 536 s. These
peaks in radiative or totd heat flux are not predicted by FDS. These hest flux gauges
werelocated at the other side of the room and fire compared to thermocouple Tree 2
indicating lateral movement of the flamein both directions. This was observed in the
video recording of thefire.

Figure 3-3 Heat Flux to Cables- BE 3Test 2

The movement of thefire flame and plume is also observed through oscill ations shown in
Figure 3-4 in the measured temperature a Tree 5-6 for Test 15 of Benchmark Exercise
No. 3. Thisoscillation indicates the movement of the flamein and out of that regon. In
Test 15, the fire pan was moved from the center of the room (the location for most tess)
and located 1.25 m from the south wall. Tree5 was on the south side of thefire pan
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while Tree 3was in the north side. Thevicinity of thefiretothe southwall resultsin the
movement of the flame dueto boundary effects on theflow. Theselarge oscillations and
movement of the flame are not predicted by FDS as shown in Figure 3-3.

Figure3-4 Hot Gas Temperature- BE 3Test 15

The oscillations and movement of the flame toward the south wall is again evident
through the measurements of hot gas temperatures a thermocouple Tree3 and Tree 5
shown in Figure 3-5 and Figure 3-6, respectively. The figures show that the fire plumeis
tilted toward Tree 5 where the temperatures are higher and grouped together. The
temperatures recorded by Tree 3 are what one would expect when aflame is not present
whilethe grouping of the recorded temperatures a Tree 5 indicates the presence of the
fire plume at the point of measurement.
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Figure3-5 Measured Hot GasTemperatureat Tree3 - BE 3Test 15

Figure3-6 Measured Hot GasTemperatureat Tree5- BE 3Test 15

Theinability of the FDS modd to simulate fire movement and location was aso observed
in Benchmark Exercise No. 4. Thefirewas located a the center of the compartment in
the experiments conducted for Benchmark Exercise No. 4. FDS computations of the
plume predict alarger tilt dueto inflow from the door, wheress, the plumesin the
experiments are observed to be stiffer and influenced | ess by theinflow. This inaccuracy
in FDSagan limits therdiability of using FDSto evauate targets near the plume.
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Figure 3-7 shows an isosurface of the mixture fraction (a avaue of 0.062) at 238 s from
FDSfor Test 1 of Benchmark Exercise No. 4. Theisosurface representsthe flame sheet
crested by FDSat tha point. Figure 3-7 shows tha FDS simulates the flame sheet to be
significantly pushedtoward the rear wal by the flow of ambient air into the compartment
through the door. Figure 3-8 shows apicture (view from door) of thefireflame in Test 1
of Benchmark Exercise No. 4. Theflame is evidently not moved significantly .

Figure3-7 View of Flamesheet from FDS-BE 4 Test 1

Figure3-8 Firein Benchmark Exercise No. 4, Test 1
Figure 3-9 shows aslice profile (at x = 1.8 m) of the gas temperature in the compartment

predicted by FDE for the sametest. Figure 3-9 again shows that FDS simulates that the
plumeis pushed significantly toward the rear wall.
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Figure3-9 Temperature Predicted by FDS ,BE4Test 1

Figure 3-10 shows the comparison of measured plume temperaturesa M2, M 4, andM 6
with tha predicted by FDS As shown in Figure 3-10, FDSpredicts pesks in the plume
temperature a ~ 50 s. These pesks are explained by the plume development predicted by
FDS. Observations of theplume predicted by FDSthrough Smokeview (the graphica
interfacefor FDS) indicates asteady vertical plume until ~ 50 s when the plumeis
pushedto therear wal by air flow into the compartment through the door. This causes
peaks a ~ 50 s in thethermocouples, M 2, M 4, and M 6 which are located directly above
thefud pan. The experimentad measurements do not indicate this extensive movement of
thefire plume. The measured data shows the plumeto befully developed a ~ 105 s after
which the plume temperatures increase to ~ 1000 C without any intermediate pesks.

Figure3-10 Plume Temperature- BE 4, Test 1
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Finally, Figure 3-11 shows theloca gas temperatures in the compartment & Leve 1 for
M7,M8,M9, and M 10. The measured temperatures show arapid increase in temperature
followed by amore gradual increase until the end of the transient. Thetemperature
measured a M 10 is much higher than that measured at M 7, M8, andM 9. This is dueto
thetilting of thefire plumetoward M 10. FDSdso shows arapid increase in temperature
followed by large oscil lations and unexpected trends. These oscillations may be caused
by oscillations in the flow through the door predicted by FDS. Thetemperaturepredicted
a M 8 (closer to thewall than M 10) by FDSis highest since the code predicts the fire
plumeis pushed more toward the rear wall than observed, as discussed above.

Figure3-11 GasTemperature- BE 4, Test 1

Finaly in Benchmark Exercise No. 5, the experiments with apool firein the trench
showsthe importance of accurate modeling of the plume development in CFD codes so
that fire phenomenain complex geometries is adequately captured. Thisisimportant in
order to accuratdy evauatetarget heatingand i gnition near the plume. The experiments
showed that FD S predictions can be erroneous and lead to lar ge under predictions of
plume and target temperatures for pool fires in complex geometries such as in adikethat
would contain lube oil in anuclear plant.

Figure 3-12 shows photographs of the fire within a 1-minute time frame and illustrates

the random nature of the flame in the trench that was observed in Benchmark Exercise
No. 5.
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Figure 3-12 Photographsdf Pool FiresinaTrench - BE5, Test 4

Figure 3-13 shows the comparison of measured plumetemperatures at TP2 - TP7 with
that predicted by FDS. As shown in Figure 3-13, FDS predicts peaks in theplume
temperature a ~ 120 s which are absent in the measured date. The measured data shows
the plumeto befully developed a ~ 60 s after which theplume temperatures at TP2
increases to ~ 450 C without any intermediate pesks. FDSpredictsthe plume
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temperature at TP2to reach only ~ 180 C at the end of thetransient indicatingthe
predicted temperaturein theplumeregion isthe sameasinthe HGL.

Figure3-13 Plume Temperature- BE &, Test 4

The above observations show tha FDSpredictions can be erroneous and lead to large
under predictions of plume and target temperatures for pool fires in complex geometries.

3.2 Under-ventilated Conditions and Fire Extinction

3.2.1 Fire Extinction

Theanaysis of the scenarios in Part 11 of Benchmark Exercise No. 1 demonstrated the
complexity in modeling an elevated fire source that can be aff ected by alimited oxy gen
environment. The extinction sub-models utilized in CFAST is an approximation of the
interaction of the complex combustion process with alimited oxy gen environment.
Therefore, the result from the extinction sub-mode represented an gpproximation of the
conditions expected for the fire scenarios. The assumption for the Lower Oxy gen Limit
(LOL) in CFAST significantly affected the predicted pesk target temperature.

One assumption inherent in the mixture fraction model in FDSis that the combustion
process istemperature independent, i.e. the sate relaions between the mass fraction of
each species and mixture fraction is fixed. FDS currently includes some gpproximate
techniques to account for this assumption when the oxy gen concentration or temperature
istoo low tosugan combustion. As dated earlier, for scenarios wherethefire is under-
ventilated, the flame sheet will be extended to regons where the fuel and oxygen are at
theided stochiometric ratios input tothe code. However, this does not indicate the
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presence of combustion in those regons because the temperatures may not be high
enough to sustain combustion.

Both CFAST and FDSemploy simple d gorithms for predicting fire behavior in under
ventilated conditions. The modes dso had difficulty predictingthe mixing of and loca
concentrations of oxygen, especialy for forced ventilation conditions, in the tests for
Benchmark Exercise No. 3. Thelack of ability to mode the coupling of the compartment
with the mechanical ventilation sy stem resulted in errors in the predicted compartment
pressure, ventilation flow rates, and O2 concentration, as is discussed later.

Figure 3-14 shows a comparison of the O2 concentration predicted by CFAST and FDS
with experimenta measurement for Test 1 of Benchmark Exercise No. 3 which was
closed-door experiment without forced ventilation. The measurements show oscillations
in the O2 concentration near thefirethat are not predicted by CFAST or FDS. These
oscillations are possibly duetothelack of complete mixingof the hot ges that resultsin
pockets of the gas containing higher levels of O2. CFAST and FDSpredictions are both
- 55 %", which is quite hi gh.

Figure 3-14 Oxygen Depldtion - BE Z, Test 1

Ageain, Figure 3-15 shows comparisons of the O2 concentration predicted by CFAST and
FDSwith experimental measurement for Test 2 of Benchmark Exercise No. 3, also a
closed-door test but with alarger fire. Large oscillations in the oxy gen concentration

! Modd erors presented in this report have utilized the following formula modd error = (modd prediction
a pesk- measured vaue a peek) / (measured vaue a pegk - initid measured vdue). A + sign before the
error vaue indicates that the modd prediction was greater than the measured vaue, and a - sign indicates
that the modd prediction was lessthan messured vd ue.
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near thefirearenot predicted by CFAST or FDS. These oscillations occur after the HGL
has reached the floor and incomplete mixing of the hot ges.

Figure 3-15 Oxygen Depldion - BE g, Test 2

Figure 3-16 shows a comparison of the O2 concentration predicted by CFAST and FDS
with experimentd values for Benchmark Exercise No. 3, Test 4 with forced ventilation
and closed-door conditions. A more rapid decrease in 0xy gen concentration is observed
in the experiment than predicted by both codes. In fact, the FDS predicted concentration
at O2-2 near thefire does not reach 15 %, the point a which thetes wasterminated.
Although thefirewas terminated at 838 s due to under ventilation, the LOLs used in
CFAST and FDSdid not terminate the fire during the 26-minute transient. This
comparison indicates the importance of the prediction of local oxygen concentrations,
and sensitivity of predictions of under-ventilated conditions and fire extinction to the
LOL used.
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Figure 3-16 Oxygen Concentration - BE 3, Test 4

The codes have difficulty predicting the mixingand loca oxy gen concentrations,
especidly for forced ventilation conditions. Since both codes employ simple agorithms
for fire behavior in under ventilated conditions, this leads to errors in the prediction of
fire extinction.

Benchmark Exercise No. 4 involved severe conditions and flow dynamics. Thesimple
extinction modd in FDSdecreased the heat output from thefirein the more severe
scenario in Test 4 when in reality combustion was fully sugained. Pulsating flow
through the door provides sufficient oxy gen to the fire and prevents it from beingunder
ventilated. Although fluid dy namics of the scenario is simulated well by FDS the simple
extinction modd in FDS (LOL) decreases the heat output from the fire when combustion
is fully sugained. Thediscrepancy in the HRR from FDSand measured is shown in
Figure 3-17. Thealgorithmin FDSfor accountingfor the under ventilation of thefire is
too simpligic for complex scenarios as in Benchmark Exercise No.4.
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Figure 3-17 Heat Rdease Rate- BE 4, Test 3

3.2.2 Combustion Products

The prediction of carbon monoxide and smoke, products of incomplete combustion,
posed & challenge for the closed door experiments in Benchmark Exercise No. 3 in which
the fire became under ventilated. Both, CFAST and FDSdo not account for the effects of
under ventilation on carbon monoxide or smok e production. A constart yield for the
guantities is used by the codes through out the transient, whereas in redity theprediction
of these species changes with the avail ability of oxy gen duringthe combustion process.
The smokeyidd used in the caculations is aso dependent on the size of thefire.

Figure 3-18 compares the concentration of CO predicted by CFAST and FDSinthe HGL
with experimentd observation for Test 13 of Benchmark Exercise No. 3 which was a2-
M W nomind, closed-door experiment. In Figure 3-18, the trends of the predicted vaues
are similar to experimenta observation until ~ 236 s when measurement indicates a
higher rate of increasein CO concentration. The CFAST and FDS combustion models are
simple and do not include the effect of O2 concentrations on the CO production. The
codes use aconstant COyield through the transient. Therefore, both codes show an
increase inthe CO leve at the samerate through the transient. However, the fire becomes
under ventilated at ~ 236 s at which point theyield of CO production increases as the
measurement shows. The CFAST and FD S codes cannot predict the effects of under
ventilation of afire on the CO produced.
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Figure 3-18 CO Concentration - BE 3, Test 13

Figure 3-19 and Figure 3-20 compare the concentration of smoke predicted by CFAST
and FDSin the HGL with experimenta observation for Test 2 at 1M W nomind, and
Test 13a& 2M W nomind. For example, the experimenta observation in Figure 3-19 for
Test 2 indicates the smoke concentration increases to itspesk vaue at ~465 s and
decreases by about 30 % tothe point when thefud is shut off & ~630 s. Thispeak and
similar other peaks in smoke production for the other tess in Benchmark Exercise No. 3
early inthetransient are due to under ventilation and decreasein the HRR of thefire. The
simple combustion models in CFAST and FDSdo not predict this observed trend. Also a
comparison of the Figure 3-19 and Figure 3-20 shows théet the smoke yield used is more
accuratefor thelargefirein Test 13, as opposed tothe smaller fire in Test 2.
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Figure 3-19 Smoke Concentration - BE 3, Test 2

Figure 3-20 Smoke Concentration - BE 3, Test 13

CFAST and FDSdo not account for the effects of under ventilation on carbon monoxide
or smoke production. The congant yield for the quantities used by the codes through the
transient leads to large inaccuracies in the prediction of these combustion products for
under ventilated fires. Also, the amount of smoke produced as afunction of the size of
thefireis not modeled in the codes.
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Asnoted earlier, attempts are beingmadeto include an eddy dissipation mode and two-
step combustion chemistry in FDSto simulate the produdion of soot and carbon
monoxide. Although these efforts areimportant stgpsto improvethe modd, they arein
trid stages and not currently suitable for safety andysis for which the reliability of a
modd must be assured.

3.3 Heat Flux from the Fire Flame and Hot Gas

Thefirst indication that the prediction of heat flux from the flaming region and hot gas
was achalengeto firemodds arosein Benchmark ExerciseNo.1. Although Benchmark
Exercise No. 1 included only code-to-code comparisons, the results from the different
codes were used to understand the modeling of the physicsin them, i.e. if dl the codes
produced similar results over arange of cases for ascenario then it was concluded that
the physics modeled in the codes is most likely understood and adequate for the scenario.
If the results from the codes were widely different, then one can suspect that thephysics
of the phenomenais not understood well and modeled adequately in any of the codes.
The predictions of heat fluxin Benchmark Exercise No. 1 werewiddy different from the
firemodels used in the exercise, as shown in Table 3-1 taken for the ICFMP report for
Benchmark Exercise No. 1 (Dey, 2002).

Table3-1 Predictions of Heat Flux on Cablefor Benchmark Exercise No. 1, Part |

Fire Model Peak Heat Flux on Cable (W/m2)
Base Case Cesel Case4 Case5

CFAST-BRE 1330 3120 1340 1239
CFAST-NRC 1257 1932 1298

MAGIC-EdF 1839 12,855 1845 2042
COCOSY < 472 26,763 486 396
CFX 210 210 210
JASM INE 4287 4029 4560

FDS 1197 981 890

Therefore, the prediction of heat flux was identified as an issue early in the ICFM P.

Subsequently, awide variation in predicted heat fluxes was aso observed in Benchmark
Exercise No. 2 Part 11, as shown in Table 3-2 taken from the ICFMP report for
Benchmark Exercise No. 2 (Miles, 2004). This exercisefor code-to-code comparisons
indicated that heat flux predictions are even mor e difficult for such scenarios. The
variation in computed fluxes was lar ge, both between different types of model and
different models of the sametype. Incident flux calcul ations were strongy influenced by
the radiation treatment.
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Table 3-2 Predictions of Heat Flux on Cableand Beam for BE No 2, Part ||

JASMINE ®* 70
1 Max incident flux at cable CFAST "E_RE} 2.9 FDS (MFe 232
target C1 (kW m™) CFAST (MRS 39 CEX.4 (GRS} 792
(COCOSYS @™ max net Aux = 1.8)
JASMINE ®F® 23
1 Max incident flux at cable CFAST ‘EFiE} 1.4 FDs MFe 34
target C3 (kW m™) CFAST MNRC 1.3 CFX.4 (GRS} 1 7.2
(CoCosYS ‘9™ max net Aux = 1.2)
JASMINE %' 817
1 Max incident flux at beam CFAST EFE! 40 FDs MRC 13.6
target B1 (kW m™) CFAST ™™ 49 CFX-4 RS 28.2
(cocosys ®¥ maynet lux =7 2}
JASMINE ®*% 1.7
1 Max incident flux at beam CFAST &F8! 0.9 FDS MRS 56
target B2 (kW m”) (NRC) G
g | CFAST" 1.3 CFX-4 ©F 8.2
{CocosYS 9™ max net fiux = 1 5}
4 | Maxincident fluxathuman | MAGIC™" 0.8 JASMINE & 1.1
target (kW m™) MAGIC "™ 0.8 FDs MRC

In Benchmark Exercise No. 3, the author noted large uncertainties in the prediction of
heat fluxes to targets and walls, and the therma response of the targets. Results of the
exercise showed that FDS consistently under predicted the convective and radiative heat
fluxesto targets and wdls. The CFAST predictions varied, and were sometimes much
lar ger than measured values. The errors of the flux predictions by the codes were much
lar ger than the expected uncertainty of the heat flux due to measurement uncertainties.
Experimenta observation consistently indicated alarger convective heat flux (tota heat
flux - radiative heat flux) than that predicted by bath CFAST and FDSfor dl the
experiments. Theprediction of the gpatia temperature distribution in vertical cabletrays
when fires sourcewas in its immediate vicinity was chadlengng, even for FDS. The
prediction of heat fluxesin or near afire plumewas aso difficult, even for CFD codes.

CFAST utilizes apoint source modd and predicts unredistically high fluxes for gauge
locations near and pointingtoward the floor. The predictions from CFAST of both
components of heat flux, radiative and convective, have large errors depending on the
location and orientation of the gauges, and the convective heat flux is under predicted in
many of the transients.

Figure 3-21 and Figure 3-22 compare the radiative and tota hest flux predicted by
CFAST and FD< with experimenta observations for Benchmark Exercise No. 3, Test 3
and Test 2, repectively. As noted in thesetwo figures, alarge convective flux (totd -
radiative) is measured but not predicted by the codes. Both modes under predict the heat
flux. Thissimilar observation can be noted by examining similar plots for many ather
gauges and tests. Theerrors in the flux predictions for CFAST and FDScan beahigh as
150 % and 47 %, respectively. Theerrorsinthe FDSpredictions are generdly larger for
gauges that point toward thefire, indicating larger errors in the predictions of radiative
heat flux fromthefire. The error in the prediction of the convective heat flux dso seems
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to have adirectional trend, asmal ler error is noted for gauges pointing toward the floor in
ahorizontd direction.

Also notetha Figure 3-22 shows adecrease in the measured radiative flux after ~400 s
dueto decreasein theintensity and size of thefire from under-ventilation. The CFAST
and FDSdo not modd or predict these changes in the size of thefire.

Figure3-21 Heat Flux to Cables- BE 3, Test 3

Figure 3-22 Heat Flux to Cables- BE 3, Test 2
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Figure 3-23 and Figure 3-24 show the measurements and FD S predictions of the cable
temperaturein the vertica cabletray for Benchmark Exercise No. 3, Test 14 wherethe
firewas near the vertical cabletray (see Figure 3-25). M easurements indicate that the
peak cabletemperatureis highest at TS32, whichisa 0.7 m from the floor under the
HGL interface; however, FDS predicts the pegk cable temperatureto increase with hei ght
inthecabletray. Again, thisis dueto the under prediction of the radiative flux from the
fireto the cables by FDS. Theprediction of the spatid flux and temperature distribution
invertical cabletrays when fires sources arein its immediate vicinity is chalengngand
can be erroneous, even for FDS.

Figure3-23 Vertical Cable Tray Temperature (Expt.) - BE 3 Test 14
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Figure 3-24 Vertical Cable Tray Temperature (FDS) - BE 3Test 14

Figure3-25 Firein Benchmark Exercise No. 3, Test 14

Thelimitations of the heat flux modéds in CFAST were discussed above makingthe
modd unsuitable for simulating fire scenarios with intense fire sources as in Benchmark
Exercise No. 4. Figure 3-26 shows acomparison of thetota heet flux predicted by FDS

Deytec Technica Report 2009-05 36 © Deytec, Inc. 2009



with measurements at WS2 on the sted plate for Benchmark Exercise No. 4, Test 1. The
uncertainty in the FDSprediction is + 59 %. Figure 3-27 shows acomparison of the hegt
flux on thewd | predicted by FDSwith experiment for the sametest. FDSunder predicts
the heat flux by 45 %.

Figure 3-26 Heat Flux on Sted Plate- BE 4, Test 1

Figure3-27 Heat Flux on Wall - BE 4, Test 1

Figure 3-28 shows acomparison of thetota heat flux predicted by FDSwith
messurement at WS4 on the aerated concrete block for Test 3 in Benchmark Exercise No.
4. Thereis alarge increase in the measured hesat flux a ~ 1155 s when the HRR reaches
itspeak a 6000 kW. The uncertainty of the FDSprediction a WS a ~ 71 kW/m2 is - 53
%.
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Figure 3-28 Heat Flux on Aerated Concrete Block - BE 4, Test 3

Generdly, the errors of the heat flux predictions by FDSarelarge, up to 59 %. There are
specific weaknesses in the heat flux models in FDSwhich makeit unrdiablefor
predicting heat fluxes to NPP targets.

In Benchmark Exercise No. 5, the heat flux to the cables predicted by CFAST and FDS
aso had large inaccuracies and deviated by as much as + 49 % and - 49 % from
experimental observation, respectively.

Figure 3-29 shows a comparison of thetota heat flux on the cables predicted by CFAST
and experiment. The measured fluxes at W2, WS3, and WS are increasingly higher
dueto thetenperature gradient in the HGL. The heat fluxes predicted by CFAST for
W2, WS3, and WS are of similar magnitude since only the average HGL temperature
is predicted in azone modd, and temperature gradients in the hot gas are not simulated in
such amodel. Figure 3-30 shows acomparison of thetatal heat flux on the cables
predicted by FDS and experiment. FDSdoes not predict the variation and gradient in the
heat flux versus eevation, as measured. The uncertainties of the peak predicted heat
fluxes for W, WS3, and WA for FDS are high as + 49 %.
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Figure 3-29 Heat Flux on Cables (CFAST) -BES5, Test 4

Figure 3-30 Heat Flux on Cables (FDS) - BE 5, Test 4
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There are specific weaknesses in the heat flux models in CFAST and FDSwhich make
them inaccurate for predicting heat fluxes to targets.

3.4 Cable Target Modeling

A detalled heat transfer model for acabletray will befarly complex. Cabletrays
generaly have anumber of cables bundled together in lay ers, and most cables consist of
severa conductors. Cables configured in asingelayer will get damaged and igniteat a
lower flux than cables in amultilay er configuration becausethe fluxto asinge layer will
not be shiedded by cables abovethat layer. The CFAST or FDS codes currently do not
include atarget model for such complex cabl e configurations or cable compositions. The
CFAST and FDS codes have asimple one-dimensiona slab mode of uniform
composition for targets such as cables. Theslabs in the caculations for the benchmark
exercises were assumed to be of the same thickness as the cables and composed of the
jacket material.

Large uncertainties are noted in the prediction of cable and wal s temperatures by CFAST
and FDS. Thetherma inertiaof the cables or walls tends to reduce the magnitude of the
inaccur aci es caused by the crude target models on the peak temperaturepredictions.
However, the heat up of the cables predicted by the codes, a parameter most important
for safety andysis, is much slower than observed in the experiments.

Figure 3-31 shows a comparison of the control cabl e surface temperature a B-T S-14
predicted by CFAST and FDSwith measurement for Tes 3 of Benchmark Exercise No.
3. TheFigure shows that the heat up of the cable predicted by the models is slower than
experimental observation, as wdl as under predictingthe pesk temperature. Also, note
that the cable temperatureis higher than the temperature of the gas (Tree 4-8) near it due
to radiative heating from thefire.
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Figure 3-31 Control CableTemperature (B-TS-14) - BE 3, Test 3

Figure 3-32 shows a comparison of the control cabl e surface temperatureat C-T S-10
predicted by CFAST and FDSwith measurement for Test 3 of Benchmark Exercise No.
3. Thefigure shows that the heat up of the cable predicted by the modds is slower than
experimenta observation, as well as under predictingthe pesk temperature.

M easurements indicate that the peak cable surfacetemperature at C-T<-10 is 20 C more
than thepesk gas temperature (Tree 3-9) near it dueto the heating of the cable by
radiation from thefire. Figure 3-32 aso shows measurements indicating that the cable
surface temperature at C-T S-10 (singe cable) is ~ 60 C higher than the control cable
surfacetemperature at D-T S-12 because of the bundling of thecableat D-TS-12in atray.
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Figure3-32 CableTemperature(C-TS-10) - BE 3 Test 3

Figure 3-33 shows a comparison of the power cable surfacetemperature at F-T S-20
predicted by CFAST and FDSwith measurement. T he figure shows that the heat up of
the power cable predicted by the models is slower than experimenta observation, as well
as under predictingthe pesk temperature. Figure 3-33 also shows measurements
indicatingthat the power cable surfacetemperature at F-TS-20 is ~ 15 C less than the
control cable surfacetemperaturea A-TS-18 near it dueto thelarger thermal inertia of
the power cable. M easurements indicatethat the pesk control cable surface temperature
(A-TS-18) is~5 C more, and the pesk power cable surface temperature (F-T S-20) is ~ 11
C less than thepeak gas temperature (Tree 5-6) near the cables illustrating the varying
degrees of heating of the cables by radiation from the fire.
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Figure 3-33 Powe Cable Temperature (F-TS-20) - BE 3, Test 3

Figure 3-34 shows & comparison of the surface temperature of the power cable predicted
by CFAST and FDSwith experiment for Test 4 of Benchmark Exercise No. 5. The
measured cable surface temperature a different eevations shows gradient similar to that
observed for the heat flux measurements at those locations. Thepredictions of cable

temperatureby CFAST & the different eevations are the same magnitude because
CFAST usesthe average HGL temperatureto compute the heat fluxes to the cables,
thereby makingits predictions unreliable. FDSunder predicts the cable temperatures by

up to 41 %.

Figure 3-34 Power Cable Temperature- BE 5, Test 4
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Figure 3-35 shows a comparison of the surface temperature of the instrumentation and
Control (1&C) cable predicted by CFAST and FDSwith experiment. Again, the
predictions of cabletemperatureby CFAST a the different eevations are the same
magnitude because CFAST uses the average HGL temperature to compute the heat fluxes
to the cables. FDSunder predicts the cable temperatures by up to 55 %.

Figure 3-35 Instrumentation & Control Cable-BE 5, Test 4

Thelarge uncertainties in the predictions of heat up and peak temperatures of cables by
CFAST and FDSaredueto thelimitations of the heat flux models and the target models,
making the predictions unrdiable for nuclear plant safety andysis. Development of
suitable sub-models for predictingthe thermal damageto target € ements, in particular
cables, cable bundles and cabletray s is necessary. The caculation of incident fluxesis
particularly important inpredicting cable damage, and highlights the need to address the
radiative heat transfer, both from the flaming regon and the smoke lay er, more careful ly.
This conclusion is derived from the results of dl the |ICFM P benchmark exercises. To
some extent target damage sub-modéds can be consider ed separately tothe gas phasein a
zone or CFD modé in that a paticular target sub-mode could be coupled to either azone
or CFD firemodd, or used as part of aseparate pos-processing caculation. Inthe latter
case it would be assumed that the targets have only aminor influence on the fluid
dynamics and heat transfer processes within the compartment so tha duringthe gas phase
(zoneor CFD) simulation only theincident fluxes will be recorded, and the solid phase
cdculations are then performed later.
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3.5 Intense Fire Conditions

Severd difficulties were encountered with the CFAST code, including instabilities, in the
computation of severd parameters in Benchmark Exercise No. 4 which included
scenarios with intense fire conditions. Test conditions included temperatures up to 800 C
and heat fluxes up to 100 kW/m2. Although the CFAST prediction of goba parameters
(HGL temperature, interface hei ght) was reasonable for the less severe Test 1, CFAST
predicted unredistic values for heat flux to the targets and wals, and the corresponding
target and wall temperatures.

Therewere conver genceissues in the CFAST simulation of the more severetest. The
simulation hated before completion. CFAST is sensitivein cases with a high heat flux.
The penetraion of the therma wave in the compartment floor and in less dense materias
with low therma conductivity poses numerica challenges for the CFAST code causing
the simulation to hdt before the end of the transient.

Figure 3-36 shows acomparison of thetota heat flux predicted by CFAST with
messurements at WS4 on the agrated concrete block for Test 1 of Benchmark Exercise
No. 4. Oscillations are noted in the flux predicted by CFAST because the computations
in the code are sensitive in cases with ahigh heat flux. Figure 3-37 shows acomparison
of thetata heat flux predicted by CFAST with measurements at WS3 on the concrete
block for the same test. Although the oscillations are absent, CFAST significantly over-
predictsthe heat flux with an uncertainty of + 146 %. A similar gross over prediction by
CFAST was nated for heat flux to the sted plate.

Figure 3-36 Heat Flux on Aerated Concrete Block (WS4) - BE 4, Test 1
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Figure 3-37 Heat Flux on ConcreteBlock (WS3) - BE 4, Test 1

Large oscillations were noted in the predicted surface temperature of the aerated concrete
block by CFAST duetothe oscillations in the CFAST prediction of the heat fluxto the
aerated concrete block, as discussed above. Figure 3-38 shows acomparison of the
surface temperature of the concrete block predicted by CFAST and measurement.
Although oscill ations are absent, CFAST significantly over predictsthe temperature 128
%. Again, asimilar gross over prediction was noted for the front surface temperature of
the sted plate.

Figure 3-38 Concrete Block Temperature - BE 4, Test 1

Although the CFAST mode could be used to compute gobd parameters for the less
severe scenario in this benchmark exercise, its useis limited and not recommended for
computing heat fluxes and tar get responses due tothe limitations noted above. For more
severe scenarios, the two zone gpproximation and inherent weaknesses in the code limit
its gpplications. The CFAST mode is unsuitable for these scenarios with intense fire
SOUrCes.
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The CFAST modd requires major fundamenta improvementsiif it is to be used for fire
scenarios with intense fire sources such as those examined in this benchmark exer cise.
The computéaion of therma propagation through materias with low density and
conductivity should bereviewed to determineif this limitation can be solved and
eliminated. Further, an examination should be conducted to determine whether the
computationa limitation for simulating Test 3 isinherent in the code, or whether it can be
addressed with improvements to the numeric in the code.

FDSperformed well for gobal parameters like hot ges temperature consideringthe
intense fire conditions, but its accuracy was limited for predicting the plume and heat
flux.

3.6 Firesin Multi-Level Buildings

3.6.1 Modeling Vertical Flow in CFAST

M odding vertical flow through horizonta vents in CFAST (azone model)

posed achalenge in Benchmark Exercise No. 2 which examined fires in multi-level
buildings such as the turbine building. Firstly, sinceazone modd is alumped model for
each compartment, it is nat possible to represent horizontd vents at different locationsin
the compartment. All horizonta vents have to be combined and represented by one vent,
or aspecific vent needs to be chosen for analy sis whileignoring others that may nat have
an effect on compartment conditions. Thisis asignificant limitation becausethereare
important flow phenomenawhich differ when more than one vertical vent is present. The
prediction of theflow of hot gases through the hatches, and the heat trangport between the
lower and upper compatments are critica to the prediction of the therma environment
and target responses in the compartments.

The moddingof vertica flow through ahorizonta vent is complex and difficult. A non-
zero cross vent pressure difference will lead to unidirectiona flow from the higher to the
lower pressure side. However, an unstable configuration develops when the fluid
densities arereversed, i.e, the hotter gas in the lower compartment is underneath the
cooler gas in the upper compartment. This will lead to flow from the lower compartment
to the upper compartment. This phenomenon is difficult to modd.

In CFAST, Cogper’s dgorithm is used for computing mass flow through ceiling and floor
vents. There aretwo componentsto theflow. Thefirst is net flow dictaed by apressure
difference. The second is an exchange flow based on the relative densities of gas. CFAST
aso attemptsto mode flow sheddingfor the bidirectiond flow, i.e., flow from the hot
ges layer (HGL) in the lower compartment tothe HGL in the upper compartment will
shed in the upper compartment lower lay er; flow from the upper compartment lower
lay er to the lower compartment lower layer will shed inthe HGL in the lower
compartment. Sdection criteriaare established in CFAST based on the pressure and
density differences that determine the direction of theflows. The various combinations
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of flows through the hatch from the upper and lower compartment upper and lower layers
predicted by CFAST and FDSfor Case 1 of Benchmark Exercise No. 2, Part 11, are
shown in Figure 3-39. Thefigure illustrates the difficulty of implementingthis type of
modd with selection criteria The sdection criteriawhich determine the direction of the
flows result in discontinuities (shown in figure) that are not redistic.

Figure 3-39 Hatch MassFlow Predictionsin BE No. 2 Part |1, Case 1

Figure 3-40 shows the compartment vent flows for the same case. Thevent flows
predicted by CFAST indantly reach high values which are not realistic and is caused by
theinstant changes in hatch flow that instantly changethe pressurein the compartment.
The hatch and vent flowspredicted by FDSare moreredistic but need to be vaidated for
these types of configurations.

Figure 3-40 Compartment Vent Flows in Benchmark Exercise No. 2 Part |1, Case 2
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Thelimitation of azone modd in being ableto simulate only one vertica opening
negates its vdidity for andyzingfire scenarios such as in Benchmark Exercise No. 2. As
described earlier, the flow through the hatches predicted by FDSis unidirectional
throughout the transient because the two hatches are inter-connected in the flow
dynamics. The high velocity of thefire plume gases causes an upward flow through
Hatch 1 which pressurizes the upper compartment. Thepressurizaion of the upper
compartment then causes the flow through Hatch 2 to be downward.

3.6.2 Needed Validation for FDS

The CFAST and FDSfire models used in this benchmark analy sis have had limited
vaidation for the types of scenarios examined, specificaly for flow through hatches.
Cooper’s corredation that is used in CFAST for predicting vertica flow through
horizontd vents has nat been verified or vaidated. Further development, and verification
and vdidation of the sub-mode for vertical flow in horizonta ventsin CFAST are
necessary beforeit can rdiably used in safety andysis. Although FDS has been validated
(i.e. compared with experimentd data) for severd experiments conducted in large
facilities, it is necessary to vaidate FDSfor the specific types of scenarios examined here
beforeit can berdiably used for safety andysis. Specific parameters that need to be
compared with experimenta dataare pressurein the compartments; and flow through the
hatches, side vents in the lower and upper compartments, and roof vents. It is necessary
to conduct teds for fire scenarios like those analy zed in Benchmark Exercise No. 2to
provide detafor the vdidation of these parameters.

Although the trends of parameters such as velocity, temperature, soat concentration
output from FD S seem reasonable, thereis no experimenta dataavailable for the types of
scenarios examined in Benchmark Exercise No. 2 to confirm the accuracy of the
predictions. Natably, therewas wide variation in the predictions from various fire
models used in Benchmark Exercise No. 2 for the flow through hatches. Examination of
individual reports in the ICFMP report for Benchmark Exercise No. 2 (Miles, 2004)
reveds contradictory flow patterns in the hatches. For example, for Case 1 whereas FDS
predicts uoward flow through hatch 1 and downward flow through hatch 2 throughout the
simulation, other CFD models (JASM INE and CFX) predicted flow reversd. This
variation in flow patternsthrough the hatches leads to the wide spread in predicted hot
ges temperatures shown in Figure 3-41 taken from the ICFM P report for Benchmark
Exercise No. 2 (Miles, 2004). The predicted gas temperatures for the upper deck vary by
a factor of about 5 between the different fire modds. As suggested above, thisis
attributedto the fluid dy namic complexities of an upper deck connected to the lower deck
by horizontad hatches. It can be concluded that the physics of these flow phenomenaare
not well understood sincethereis such alarge variation between the fire model
predictions. Further experiments and model vaidation is necessary before predictions of
such parameters and their effects can bereliably used in fire safety anaysis.
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Figure3-41 Predicted Hot GasTemperatures for BE No. 2 Part |1, Case 1

3.7 Mechanical Ventilation

Figure 3-42 compares the compartment pressurepredicted by CFAST and FDSwith
measurement in Test 4 of Benchmark Exercise No. 3, atest with aclosed door and forced
ventilation. The CFAST and FD S calcul aions were conducted with the leekage for a
closed compartment and does not account for the vents of the mechanica ventilation
system. CFAST and FDSdo not have the capability to model the details of a mechanical
ventilation sysdem and its feedback on compartment pressure during the build up of the
fire. Therefore, as shown in Figure 3-42, the CFAST and FDSprediction of compartment
pressure is much higher than observed in the experiment.
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Figure 3-42 Compartment Pressure- BE 3, Test 4

Figure 3-43 shows a comparison of the vent flows predicted by CFAST and FDSwith
experimental observation for Test 4 in Benchmark Exercise No.3. The supply mass flow
predicted by CFAST and FD < remain constant through the transient since the codes do
not simulate the feedback from the ventilation sy sem. The exhaust mass flow from
CFAST and FDSdecreases with time only dueto the increasein the temperature of the
hot ges. The mechanical ventilation is specified as volumetric flowsin CFAST and FDS.
Thetemperature of the gas going out is more than that of the ambient air comingin
resultingin amass imbaance.

However, as shown in the Figure 3-43, the supply flow rate observed in the experiment
quickly decreases at the begnningof the transient dueto the pressure build up in the
compartment. Onthe other hand, the measured exhaust flow rate is seen to increase a the
beginning of the transient due to thepressurizaion of the compartment and then
decreasing to asteady level. Thisfigureillustrates theimpact of thelack of the ability of
the codes to include the coupling between the compartment and the mechanica
ventilation sysem. Test 5 of Benchmark Exercise No. 3, an open door test with
mechanical ventilation, also showed similar trends and issues with the code predictions. It
is difficult to redlistically modd the compartment fire scenario with mechanical
ventilation without including amodel of the coupling between the two. This limitation is
aso tied to theprediction of fire extinction, as discussed earlier.
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Figure3-43 Vent Flows-BE 3, Test 4

3.8 Limitations of Empirical Correlations in FDTs

The empirica correaionsin FDTsprovide amethod to quickly caculae globa
parameters (such as HGL temperature and interface height), as well as radi ative fluxes to
targets for exploratory analysis. However, it isimportant to nate tha the results obtained
may havelarge erors.

A largedeviation (626 C predicted versus 288 C measured) was noted for the HGL
temperaturefor Tes 13 of Benchmark Exercise No. 3witha2 MW fire. Therewas large
error (18.1 kW/m2 predicted versus 7 kW/m2 measured) in the prediction of radiative
flux in Test 14 of the same exercisein which the firewas closeto theflux gauge. Very
large deviations for compartment pressure, and lar ge deviations for smoke concentrations
were noted. The correlaion for compartment over pressure does not gopear to predict
redistic values. As discussed earlier, the prediction of smoke concentrations in closed
compartment scenarios which become under ventilated is difficult, even for CFD codes.
Therefore, the smoke concentrations predicted by FDTs which do not account for under
ventilation are not redlistic.

In Benchmark Exercise No. 4, some large deviations for heet fluxes (-66 %) and plume
temperature at M 6 (-66 %) were noted. The heat flux correlaions used may not have had
alargefire such astheonein Test 1 of Benchmark Exercise No. 4, included in the
experimenta database used to develop the corrdation. Also, the plume correl aion is for
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erect plumes and not when thefire plumeis tilted, as was evident in Benchmark Exercise
No. 4.

Some large deviations for plume temperature were dso noted in Benchmark Exercise No.
5. The plume correation is for fires in an open environment and does not includethe
complex effects of the surroundingwalls. There aso werelarge errors (62 %) in the
predicted heat fluxes in Benchmark Exercise No. 5.

Sncetherange of validity of the correationsin FDTs is narrow, the results are best

suited for exploratory caculations where arough estimateis sufficient, while
acknowledgngthe answers may contain large inaccuracies.
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4 Conclusions and Recommendations

This sudy concludes that fire models at present are severdly limited in predicting
parameters of mgor interest in nuclear plant fire safety. Bounding ca culations with the
fire models can still be conducted, as longas the limitations of the models are
acknowledged, understood and taken into account. This gudy determined that thefire
models examined are presently limited in predicting: (1) the movement and location of
theflaming region and fire plume; (2) under-ventilated conditions and fire extinction; (3)
heat flux from the flamingregon and hot ges; (4) cabletarget hesting; (5) intensefire
conditions; (6) fires in multi-level buildings; and (7) mechanical ventilation.

Erroneous decisions | eading to unsafe nuclear plant conditions will result if these
limitations are not considered in nucl ear plant fire safety decision making Fire science
and modelingis an evolvingares. It is necessary to taketimeto undersgand thephysics
and performance of modes when gpplyingthem. This and other ICFM P documents are a
good source of information.

It is recommended that research and improvement programs be developed to overcome
the limitations identified in this report sothat fire models become areliable and useful
toal.
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