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1 Abstract

This report presents a sy nthesis of the technicd and programmatic “ lessons learned” in
the Internationa Collaborative Fire M ode Project (ICFM P) that was conducted from
1999 t0 2008. A <ynthesis of ICFMP results has been conducted as aproject of Deytec,
Inc. to benefit public safety andthe scientific community. The verification and vaidation
(V&V) process in the ICHM P project was developed to examine the capabilities and
limitations of fire models for nuclear plant fire safety and risk anadysis, and to determine
the predictive errors of the models. Although current models can reliably predict gobal
parameters in nuclear plant compartment fires such as hot gas temperature and interface
height, they arelimited and need to beimproved for predictingimportant parameters like
the heat flux to cabletargets. The development of V&V process provided experiencein
the conduct of blind exercises; however, it was not passibleto determinethe true
predictive errors of the models due to issues related to mode input dataand procedures
for blind exercises. Theseissues could be addressed and the V& V process can be
improved. Theexperiencein the | CFM P has formed the basis of aV&V process for the
evauation of fire models for nuclear plant gpplications.
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4 Executive Summary

This report presents thetechnicad and programmatic “ lessons learned” in the Internationa
Collaborative Fire M odd Project (ICFM P). Thework presented in this report was
initiated by the author when he was employed a the U.S. Nuclear Regul aory
Commission (USNRC) and served as a guest researcher in the Nationd Institute of
Sandards and Technology (NIST), U.S Department of Commerce. Theauthor led the
|CFM P project from 1999 to 2006. A synthesis of the ICFEM P results has been conducted
as projects of Deytec, Inc. in 2009 and 2010 to benefit public safety and the scientific
community. Theresult of the project in 2009 on the author’s work in the ICFM P was
published earlier. This report documents the work of theproject in 2010 and presentsthe
technical and programmatic “ lessons learned” in the ICFM P.

The Internationa Collaborative Fire M odd Project was initiated in 1999 by the USNRC
to evauate fire models for nucl ear power plant gplications. The objective of the
collaborative project was to share the knowledge and resources of various organizations
to evaluate and improvethe state of the art of fire modeds for usein nuclear power plant
fire safety and risk anaysis. Theproject was divided into two phases. T he objective of
thefirst phase wasto evauate the capabilities of current fire models for fire safety
anaysis in nuclear power plants. The second phase was planned to implement beneficial
improvements to current fire models that were identified in thefirst phase. Based on
international workshops, fiveinternationa benchmark exercises were formulated and
conducted to evaluate the cgpabilities and limitations of fire models to predict parameters
of interest in nuclear plant fire safety and risk andysis. Typicaly, seven organizations
from five countries, Germany, UK, France, Finland, and USA, exercised their respective
firemodels in the benchmark exercises. Thefire models exercised were zone, lumped-
parameter, and computationa fluid dy namic (CFD) firemodéds. Empirica fire
correations were also evaluated. At least ten ather organizations participated in the
|CFM Pthrough peer review of project documents and attendance at twelve project
workshops held over ten years. The project was completed in 2008.

The V&YV process in the ICFMP project was developed withtwo objectives:

1. Toexaminethe modelingof the physics involved in severd nuclear power plant
scenarios in current state-of-the-art fire models, and to develop their capabilities
and limitations for modeling such scenarios,

2. Todeveop thepredictive accuracy of the models (modd error) for important
parameters in nuclear plant fire safety analysis.

TheV&YV process in the ICFMP project was very beneficia in many respects. The
benchmark exercises dlowed different models to be analy zed and compared against each
another and experimenta datafor awiderange of scenarios in nuclear power plarts.
The comparisons of thetrends between codes and experimentd dataalowed an
examination of the modding of the physics of the scenarios. The capabilities and
limitations were derived from such comparisons and andysis. TheV&V processinthe
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ICFM P facilitated avery vauable exchange of information, anaysis, and ideas among
participants regarding the physics of fire phenomena, and successes and chalengesin
modding such phenomena

The development of the V&V process provided experience in the conduct of blind
exercises and theissues that provided achdlenge. Theseissues could be addressed and
the V&V process can be improved. The experiencein the |ICFM P has formed the basis
of aV&V process for the evaluation of fire models for nuclear plant applications.

Capabilities and Li mitations

Themain god of firesafety and risk andysis in nuclear plantsisto predict damageto
cables in various configurations as damage to power, control, or instrumentation cables
could lead to theloss of reactor core cooling during accident conditions and areactor
meltdown. Although the predictions of general compartment conditions, e.g. hot gas
temperature and interface hei ght, during afire were reasonabl e (10-20 % errors) for most
fire scenarios, the prediction of parameters tha are important for nuclear plant safey
andy sis proved much more difficult.

The benchmark exercises determined that the fire models examined are presently limited
in predicting: (1) the movement and location of the flamingregon and fire plume; (2)
under-ventilated conditions and fire extinction; (3) heat flux from the flamingregon and
hot ges; (4) cabletarget heating; (5) intensefire conditions; (6) fires in multi-leve
buildings; and (7) mechanica ventil aion.

It is recommended that research and improvement programs be developed to overcome
thelimitations identified in this report sothat fire models become areliable and more
useful tool for fire safety andysis.

V&V Process
There were two categories of issues identified inthe V&V exercises inthe ICFMP:

1. Lack of agreement among participants onthe measurements and data needed as
input tothe fire models being exer cised,

2. Lack of an established formal procedure for the submission and collection of
blind calcul ations from the participarts.

Great efforts were expended to develop the goecification of the benchmark exercisesin
sufficient detail to minimizethe uncertainty in theinput parameters required to conduct
theblind cal culations. However, significant issues regardingthe input parameters arose
in the benchmark exercises. The main threeinput parameters tha wereissuesinthe
V&V process were: (1) heat releaserate; (2) radiative fraction; and (3) therma
parameters of compartment boundary. It should be noted that there are many other
parameters that requireinput datain thefiremodes. All theissues regarding input
parameters that arosein the ICAM P are not discussed in this rgport but areincluded in the
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full ICFM P reports of the benchmark exercises. The main threeissues identified in this
report are discussed in more detail to illustrate the need for improvements in the V& V
process, egpecidly for measurements and agreement on the appropriate vaues for inputs
to fire modds.

The gecifications of the benchmark exer cises were developed and transmitted to
participantsto conduct blind exercises. The experimenta results were then released to dl
participants after the blind fire modd predictions were submitted to acentral contact.
However, the submission and collection of blind caculations was not conducted per an
established international standard and was informa dueto the collegal nature of the
collaborative project. Presently, thereis no international or national standard that
establishes aforma procedure for the submission and coll ection of blind ca culations for
firemodel vaidations. Intheend, the participants in the ICFM P werepermitted to
categorizetheir cd culations as blind or open. Therewas significant debate on the
appropriate vaues of theinput parameters tha should be used in the benchmark
exercises. Some participants modified their fire model input databased on their
determination of appropriate modd input data and conducted cacul ations after the
release of the experimenta data, assumingthese would still constitute ablind ca culation.
There was dso some confusion on the definition of a“blind” calcul ation because other
definitions of theterm exist in theliterature.

As aresult, the*” blind” and “ open” caculations could not be distinguished. Calculations
conducted by different participantswiththe same fire mode were shown to result in quite
varied modd predictive errors, as much as 45 % difference in model error. Also,
caculations conducted with fire models known to be a the same level of sophistication
resulted in large differences in modd error, as much as 40 % diff erence in modéd error.
Therefore, it is concluded that the ICFHM P benchmark exercises fail ed to be conducted as
blind exer cises.

Further research on key input parameters required for fire modeling, and an internationa
standard is necessary to ensurethe success of blind exercises to determine true model
errors needed to establish safety margns. Significant “lessons” were learned in the
|CHM P sothat such astandard for blind exercises can be developed. The objectives of
theinternationa standard should beto:

1. establish aconsensus on the measurement methods for parameters that are needed
as input to fire modds;

2. develop tothe extent possible, aconsensus on the vaues for parameters that are
needed as input to fire models;

3. establish the process for conducting and ensuring that blind ca culations are used
to establish predictive modd errors and determining safety margns;

4. examineand include“third party vdidation” as an option for establishingtrue
modd errors;

Thethird party vaidation option could address many of the issues regarding the conduct
of blind calculations. The differences between blind and open results have been studied
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and documented. Studies have shown that it ispossible to conduct open fire simul ations
that reproducethe generd fire behavior to asatisfactory leve. Thisis achieved dueto the
avallability of experimenta dataof the real behavior for reference, dlowingfor iterations
until an adequate input filewas found. Only blind simulations are free of the possible
bias that could beintroduced by prior knowledge of how the event developed. Third
party vaidation could address the issue of the passible bias introduced in fire model
vaidations by providing an independent assessment and determination of the model
errors. Third paty vaidation could also be used to provide vaidations as newer versions
of aparticular firemodel arerd eased.

It is recommended that standards established in other industries (where mode accuracy is
important for safety) such as the medical field where extensive literature exists be
reviewed in the development of the standard for fire modd validation. For example, the
Food and Drug Administration (FDA) qudity cortrol requirements for medica software
and models arevery complex, and require expert documented and non developer
vdidation and verification. Strict quality control requirements are recommended for the
development and vaidation of fire models, especidly gven the rudimentary stages of
their development and expanding application in fire safety engneering.
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5 Acronyms and Initialisms

BE Benchmark Exercise

CFAST Consolidated Fire and Smoke Transport
CFD Computaiona Fluid Dynamics

CO2 Carbon Dioxide

CO Carbon M onoxide

cm Centimeter

Co Specific Heat

d Distance

FDS Fire Dy namic S mulator

FDTs Fire Dy namics Tools

ft Feet

Hc Heat of Combustion

HGL Hot Gas Layer

HRR Heat Release Rate

iBMB Institut fir Baustoffe, M assivbau und Brandschutz
ICFM F Internationa Collaborative Fire M odd Project
1&C Instrumentation and Control

in Inch

J Joule

K Therma Conductivity or Kelvin

kg Kilogram

kw Kilowatt

m M eer

mm Millimeter

m?2 Square meter

m3 Cubic meter

NIST Nationd Institute of Standards and Technology
02 Oxygen

PVC Polyviny| Chloride

Q° Hesat Release Rate

RPM Revolutions per minute

S Second

T Temperature

USNRC U.S Nuclear Regulatory Commission
V&V Verification and Validation

VTT Vation Teknillinen Tutkimuskeskus
XPE Thermoset

o Thermd diffusivity

€ Emmisivity

p Density
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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 & guest researcher in
the Nationd Institute of Standards and Technology (NIST), U.S Department of
Commerce as part of the Internationa Collaborative Fire M odd Project (ICFMP). The
author led the ICFM P project from 1999 to 2006. The synthesis of the ICFM P results
was conducted as projects of Deytec, Inc. in 2009 and 2010 to benefit public safety and
the scientific community .

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 adlow professionds 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 a nuclear power plants (Dey,
1997).

The Internationa Collaborative Fire M odd Project was initiated in 1999 by the USNRC
(Dey, 2000) to evaluate fire models for nucl ear power plant goplications. The objective
of the collaborative project was to share the knowledge and resources of various
organizations to evduate and improve the state of the art of fire models for use in nuclear
power plant fire safety and risk anaysis. Theproject was divided into two phases. The
objective of thefirst phase wasto evaluate the capabilities of current fire models for fire
safety analysis in nuclesr power plants. T he second phase was planned to implement
beneficid improvements to current fire models that areidentified in thefirst phase.
Based on internationa workshops (Dey, 2001; Dey, 2003), fiveinternationa benchmark
exercises were formulated and conducted to evauate the capabilities and limitations of
firemodels to predict parameters of interest in nuclear plant fire safety and risk analysis.
Typically, seven organizations from five countries: Germany, UK, France, Finland, and
USA exercised their respective fire models in the benchmark exercises. Thefire modds
exercised were zone, lumped-parameter, and computationd fluid dy namic (CFD) fire
modeds. Empirical fire correlations were also evauated. At least ten other organizations
participaed in the ICFM Pthrough peer review of project documents and attendance at
twelve project workshops held over ten years.

The analy sis conducted by the author with the CFAST (Consolidated Fire and Smoke
Trangport) zone mode, FDS (Fire Dy namic Simul ator) computationa fluid dy namic
(CFD) modd, and acollection of empirical fire corrd aionsin FDTs (Fire Dy namic
Tools) is summarized in Dey, 2000e. Thefull reports of the andy ses can befound in
Dey, 2002; Dey, 2009z; Dey, 2009b; Dey, 2009¢; and Dey, 2009d. Reportsthat
documented asynthesis of the results of anadysis by the various organizations using their
respective fire models were aso developed in the ICFM P for each benchmark exercise

Deytec Technicd Report 2010-01 1 © Deytec, Inc. 2010


http://www.deytecinc.com/PRD6.pdf
http://www.deytecinc.com/PRD8.pdf
http://www.deytecinc.com/PRD8.pdf
http://www.deytecinc.com/FSA1.pdf
http://www.deytecinc.com/FSA2.pdf
http://www.deytecinc.com/FSA3.pdf
http://www.deytecinc.com/FSA17.pdf
http://www.deytecinc.com/FSA5.pdf
http://www.deytecinc.com/FSA8.pdf
http://www.deytecinc.com/FSA9.pdf
http://www.deytecinc.com/FSA11.pdf
http://www.deytecinc.com/FSA6.pdf

(Dey, 2002; Miles, 2004; M cGratan, 2007; Klein-Hessling, 2006; and Riese, 2006). A
summary of thework donefor Benchmark Exercises 1-5 is contained in the ICFMP

Summary Report (Rowekamp, 2008). The report presented hereis asynthesis of the
technical 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 presents adiscussion of thetechnicad and programmatic “ lessons
learned” in the ICFM P project.
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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 events to prevent areactor meltdown. By regulation inthe US,
aspecified distance separates cabletray s of redundant safety sysemsif they arelocated
in the same compartment in which asing e fire could potentially damage both systems.
Therefore, the analy 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 anuclear 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 heat 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 exercise can befound in Dey, 2002.
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Figure2-1 Smplified Schematic of Emergency Switchgear Room for BE No. 1

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

This benchmark exer cise contained two parts. Part | was based on a series of full-scd e
experimentsinsidethe VTT Teg Hal in Finland, for which the sloping roof provided a
chalengeto zone models in particular. Each caseinvolved asinge pool fire, intherange
2to4M W, for which there were experimenta measurements of gas temperature at three
thermocouple trees and above the fire source. For two cases the hall was nominally
seded, and ‘ infiltration ventilation” was incorporated by including small openings. For
the third case mechanical exhaust ventilation was employed, and two doorway openings
were provided.

The objective of Part 11 of the second benchmark exercise was to examine scenarios that
aremore chalengngfor zone models, in particular to fire spread in multi-leve larger
volumes. Theissues to be examined are asubset of those that will be faced by modelers
simulatingfiresin turbine hals in nuclear power plants. Thefollowing providessome
key dements of the specification of theprablem.

Presently, thereis no experimenta datatha would be representaive of turbine hal fires.
Therefore, Part |1 of Benchmark Exercise# 2 induded three hypaheticd cases to examine
the effect of abigger fire and larger floor arearepresentative of ahydrocarbon pool fire in
ared turbinehdl. Three scenario cases set inside arectangul ar buildingwith dimensions
comparableto those of ared turbine hal were andyzed. Cable and beam targets were
added to dlow the onsd of damageto be studied. Thefire size was chosento produce
temperaturesthat may be capable of damag ngequipment or cables. A cain, the
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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 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 adequatdy in any of the
codes.

Figures 2-2 and 2-3 show the dimensions and geometry of the building Thebuilding
is divided into twolevels (decks) connected by two permanent goenings (hatches).
Although many turbine hdls containthree 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 celling and the two open hatches (each 10 m
by 5minsize).

— | west \

wall —

50 vy |z south wall Izo

Ne N

distancesin meter s 100 T

Figure2-2 Building Geometry for BE No. 2, Part |1 — External Dimensions
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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 ventil aion.
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 duraion of the scenario. For naturd 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 i ncluded to examine issues

Deytec Technicd Report 2010-01 6 © Deytec, Inc. 2010



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 modesto 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 m x 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 the right 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 smaller 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 margin in cable damage criteriathat are
presently used in thefield. Severa thermocouples were placed dongthelengths of the
cablesin al thetargets to examinethe effect of elevation and distance from thefire 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, 2009s and Hamins, 2006. Videos of the
fires and experimenta datafrom thetests are also avallable.

Figure2-6 Under-Ventilated Firein Test 13 of Benchmark Exercise No. 3

Deytec Technicd Report 2010-01 9 © Deytec, Inc. 2010


http://www.deytecinc.com/FSA8.pdf
http://www.deytecinc.com/FSA16.pdf

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

Twotestsin thetes series conducted were used for ICHM 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 areaof 0.7 m x3.0m. In Test 3, the door openingwas partly closed by
reducingthefree cross section to 0.7 mx 1 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.

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. Theroomis made of
concrete and is naturally 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 n2. A pool 1 n?
floor areafilled with ethanol (ethylene acohol) located in atrench is used as apre-
heating source. A hood was instaled above the front door (See Figure 2-10). Theenergy
release can be estimated using the hot gases flowinginto 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 mwall. Thetwo cabletrays werefilled
with power cables and instrumentation and control (1&C) cables, respectively.

Thefull specification of the benchmark exercise can befound in Riese, 2006. Figure 2-
11 isapicture of thepool fire used a pre-heating source.
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Figure2-11 Pool Frein Trench in Benchmark Exercise No. 5
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3 Technical and Programmatic “Lessons Learned”

TheV&YV process in the ICFMP project was developed withtwo objectives:

1. To examinethe modelingof the physics involved in severa nuclear power plant
scenarios in current state-of-the-art fire models and to develop ther capabilities
and limitations for modeling such scenarios;

2. Todeveop thepredictive accuracy of the models (model error) for important
parameters in nuclear plant fire safety andysis.

TheV&YV processin the ICFMP project was very beneficia in many respects. The
benchmark exercises dlowed different models to be anay zed and compared against each
another and experimenta datafor awide range of scenarios in nuclear power plants.
The comparisons of thetrends between codes and experimentd datad lowed an
examination of the modeling of the physics of the scenarios. The capabilities and
limitations were derived from such comparisons and andysis. TheV&V processin the
ICFM P facilitated avery vauable exchange of information, anaysis, and ideas among
participants regarding the physics of fire phenomena, and successes and chalengesin
modeling such phenomena. The experience in the ICFMP formed the basis of aV& V
process for the evaluation of fire modes for nuclear plant applications. Vauable
improvements needed for the V& V process were aso identified.

Thefindings on capabilities and limitations of current fire modelsis presented first inthe
next section followed by adiscussion on the “lessons learned” about the V& V processto
determine the predictive accuracy of the models.

3.1 Capabilities and Limitations

Themain god of firesafety and risk andysis in nuclear plantsisto predict damageto
cables in various configurations as damage to power, control, or instrumentation cables
could lead to theloss of reactor core cooling during accident conditions and a meltdown.
Although the predictions of general compartment conditions, e.g. hot gas temperature and
interface height, during afire were reasonable (10-20 % errors) for most fire scenarios,
the prediction of parameters that are important for nuclear plant safety analy sisproved
much more difficult.

The agorithms for predicting convective and/or radiative hest fluxes to the cables from
the flaming region and hot gas is complex. The ability to predict heat flux, especially
from the flaming regon, was found to be particularly chalenging (40 % to > 100 %
errors) as the agorithms for calculating heet flux and fire flame characteristics involve
phenomenathat are presently nat well understood. Although the corrdations for FDTs
(Igbd, 2004) are suitebl e for simple fire scenarios and parameters, they are severely
limited for most fire scenarios in nuclear plants.
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The compartment hat gas temperature is determined by plume flow and mass and ener gy
balances which arerobust in the fire models and thereby result in reliable predictions.
Thetemperature digribution in the hot gas is dso adequately captured by CFD codes like
FDS (M cGratan, 2009) over awide range of conditions. 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 smok e concentrations can
aso berdiably predicted for ventilated fires as long as correct yields are included for the
combustion products in the models.

Theandysis of thefiveinternational benchmark exer cises concluded that current models
arelimited in predicting the following:

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

Hesat flux from the flamingregon and hot ges;

Cabletarget heating;

Intense fire conditions;

Fires in multi-levd buildings; and

M echanicdl ventilation

Nogahs~wdhrE

The prediction of the movement and location of thefire flame and plumeis critica for
nuclear plant fire safety analysis because the likel ihood of cable failurewill increase
significantly if the cables areimmersed in theflameor fire plume. The only models that
have been formulated to predict the movement and location of the fire flame and plume
are CFD modds like FDS. Zone modes such as CFAST (Jones, 2009) utilizeasimple
point source modd for the fire and empirical correations to determine plume flow and
therefore do not predict flame and plume movement. Comparison of CFD codes like
FD S with experimenta dataover awide range of fire scenarios indicatethat CFD codes
are presently unableto predict the movement and location of the fire flame and plumein
under-ventilated conditions or wherethefireflame and plumeis aff ected by asolid
boundary near thefire. Theinability to adequately simulate the flame and the eff ects of
under-ventilation on thefire, and certain flow phenomena, results in alack of predictive
capability tosimulate the movement and location of the fire plume under 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 evolving with research being conducted by thefire science
community. Present fire models, including CFD codes like FDS, arelimited by the
simple gpproaches included in them for predicting under-ventilated conditions,
combustion products, and extinction of thefire. Severd initiatives are underway at
research institutions to improve the modeling of the combustion process. Although these
efforts areimportant stepsto improvethe modd, they arein trid stages and not currently
suitablefor safety anadysis for which the reliability of amode must be assured.
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When atarget cableis not directly in thefire flame and plume, it becomes important to
cdculatethe heat flux to thetarget from the flamingregon and hot gas. Current

a gorithms used in fire models to predict the radiative heat flux from thefire, and the
radiative and convective heat flux from the hot gas produce inaccurate results and are not
reiable. The computation of the heat fluxesto thetarget poses a chalenge beyond the
fundamentd |imited ability to characterize thefire and theradiative heat fromiit.

Assumingthat oneis ableto predict the heat fluxto the cables, it is necessary to havea
suitable modd for atarget cableto calcul ateits heating. A detail ed heat transfer model
for acabletray will befarly complex. Cabletrays generdly have anumber of cables
bundled together in layers, and most cables consist of severa conductors. M og current
models do not include atarget mode for such complex cable configurations or cable
compositions. M ost fire models have asimple one-dimensiona slab model of uniform
composition for targets such as cables.

M odeling vertical flow through horizonta vents in azone modd posed achallengein
Benchmark Exercise No. 2 which examined fires in multi-level buildings such as the
turbine building This was dueto the lack of spatia treatment in zone models to account
for multiple hatches that separate levelsin abuilding. Although the trends of global
parameters output from FDSfor multi-leve fire scenarios seem reasonabl e, thereis no
experimenta dataavailableto validatethe output. Notably, there was wide variation in
the prediction of hatch flow from various fire models used in the multi-level benchmark
exercise (No. 2). Thevariation in flow patternsthrough the hatches led to e wide spread
in predicted hot gas temperature. A wide pread of vaues for the upper deck was
observed where the gas temperatures predicted by different fire models varied by a factor
of about 5. Thiswas attributed tothe fluid dy namic complexities of an upper deck
connected to the lower deck by horizontd hatches. It was concluded that thephysics 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 mechanica ventilaion
system, i.e. the pressure changes of the fire compartment can affect the flow rates of the
mechanical ventilation sy stem.

Finaly, empirical corrdations in compilations such as FDTs are best suited for
exploratory caculations where arough estimateis sufficient, while acknowledgingthe
answers may contain large inaccuracies.

3.2 TheV&V Process to Determine Model Errors

3.2.1 Introduction

In order to determine model errors that would be widdly accepted, the ICFM P project
was established by the paties to conduct blind benchmark exercises, i.e. participants
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would conduct and submit results of their repective fire model calcul ations based on a
specification of the exercise prior to the release of experimenta dataand learning of the
results from other participants. Gresat efforts were expended to develop the specification
of the benchmark exercises in sufficient detail to minimize the uncertainty in theinput
parameters required to conduct the blind ca culations. The specifications developed for
the benchmark exercises (Dey, 2002; Miles, 2004; Dey, 2009s; Klein-Hessling, 2006;
and Riese, 2006) demonstratethe level of detail provided within them.

The god of blind exercises was to provide paticipants aprocess in which they could
establish the truepredictive errors of their modelsin an internationa forum. These
results then could be used by the respective orgenizations for application.

3.2.2 Blind vs. Open Fire Model Predictions

When making comparisons of fire modd results to experimenta measurements, there are
two generd gpproaches tha can befollowed: apriori (akablind) and aposteriori (aka
open). Inapriori simulations, the mode er knows only adescription of the initia
scenario. The modeler has no access to the experimenta measurements of the event and
thus will be providing atrue forecast of the quantities of interes. In apaosteriori
simulations, before the simul ation is run the modeer knows the initial scenario and aso
how thefire developed (i.e. viathe experimenta measurements). M og fire model
vdidationsin fire safety engneering have been conducted aposteriori.

Only comparison of apriori and aposteriori simulations of the same event dlows oneto
investigate the possible effects that areintroduced by prior knowledge of how the event
developed. Theimportance of this effect in fire safety engneeringis currently an
advanced research topic and under study by different research groups.

The 2006 Damarnock Fire Tests conducted in ahi gh-rise buildingwere used to look into
the problem. Aninternationa study of fire modelingwas conducted prior to Damarnock
Fire Test One (Rein, 2009). Thephilosophy behind thetests wasto provide
measurements in aredistic fire scenario with very high instrumentation density (more
than 450 sensors wereinstdled in a3.50 m by 4.75 m by 2.45 m compartment). Each of
the seven participaing teams independently simulated the test scenario apriori usinga
common detailed description. Comparison of the moddling results shows alarge scatter
and considerable disparity amongthe predictions and between predictions and
experimental measurements.

The differences between apriori and aposteriori modeling become patent when
comparing the round-robin results withthe work conducted after the Dalmarnock data
was publicly disseminated. Subsequent studies (Jahn et d. 2007, Jahn et a. 2008 and
Lazaro et d. 2008) show that it ispassibleto conduct a posteriori fire simulations that
reproduce the generd fire behavior to asatisfactory leve. This was achieved dueto the
avallability of experimenta dataof thereal behavior for reference, dlowingfor iterations
until an adequate input file was found.
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Asindicated above, current models provide reli able predictions for compartment gobal
parameters that are good enough to be gpplied towards engneering problems if arobust
and conservative methodology is defined. A prerequisite for this methodology is that it
applies appropriate safety factors. Animportant point isthat 'rea world' fire engineering
applications most frequently simulate events for which red behavior had not been (and
will never be) measured (Beard, 2008). These simulations are apriori simulation, not a
pogeriori. However, most fire mode validations in fire engneering have been conducted
apoderiori. Therefore, it is necessary to have apriori comparisons of fire moddingand
address full model validation.

Only apriori simulations are free of the possible bias that could be introduced by prior
knowledge of how the event developed. The magnitude and i mportance of this biasin fire
engineeringis currently unknown. The ICFMP project attemptedto address this issue
through the conduct of blind benchmark exercises. It isimportant to derive true mode
errors without any biases introduced such that gopropriate safety factors and margns can
beintroduced in fire safety designs.

3.2.3 V&V Procedures Established in ICFMP

As mentioned earlier, the specifications of the benchmark exercises in the ICFMP were
developed with great efforts to include sufficient details about the inputs required for the
firemodels. The goal was to minimize the uncertainty and debate about input parameters
such that the predictive errors of the models could be determined. As evidenced by the
specifications of the benchmark exercises, the model input data were specified in
sufficient detail such that there was minimal reason for “ user effects’ to affect the mode
results, i.e. from different analy sts making different assumptions about input data

Anadyds were required to make some assumptions about their models for the benchmark
exercises, e.g, initid conditions, grid sizefor CFD and lumped-parameter calculations,
and any options available for their specific models. These assumptions are also necessary
for engineering calcul ations. An engneering ca culation for adesign fire isablind
caculation as experimental datafor that particular fire scenario does not exist. Although
sensitivity analysis is gopropriatein design ca culations, analy sts must choosethe optimal
vaue for the assumption, e.g, grid size, which the analy st believes is most appropriate
and/or practicd for the analysis of thefire scenario. Any sensitivity/uncertainty anaysis
about this optima vaue can be done and presented in ablind calcul aion, but the optima
prediction of the modd is with the optima assumption of grid sizefor thefire scenario.
The safety factor for fire praotection sysems design will be based on this optima
predictive capability of the modd.

The V&V procedures also addressed the ar gument that commonly arisein blind V&V

exercises that experiments cannot be replicated and therefore the fire experimentd data
has lar ge uncertainties for the purpose of blind fire mode vaidations. Of thefifteen tess
that were conducted for Benchmark Exercise No. 3, four werereplicate tests representing
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the wide range of compartment conditions in the test series for the exercises. It was
shown tha the compatment conditions were dmost duplicated in thereplicatetests

(Dey, 20098). SeeFigure 3-1 for an example measurement that showsthat compartment
conditions were amost duplicated in thereplicatetests. Other comparisons of

measurements in the replicate tests can befound in Dey, 2009a. Therewas no chdlenge
to thetest results from ICEM P participants based on the argument that fire tests can never
be conducted to duplicate the same resullts.

Figure3-1 Measurement in Thermocouple Tree 7 in Replicate Tests 2 and 8

Theted series for Benchmark Exercise No. 3 was very successful in being conducted
accordingto thetest plan and specification of the exercise distributed to participantsin
the blind exercise. This addressed theissuethat arises in blind validations that tests are
seldom conducted accordingto thetest plan. The uncertainty of the heat releaseratein
the experiments was due to adeficiency in the measurement system and not becausefire
experiments cannot be conducted accordingto atest plan. Also, any minor changes to
theted plan prior tothe texswere communicated to ICFM P participants as addendato
the goecification of the blind exercise.

3.2.4 Issues ldentified in V&V Process

Therewere two categories of issues identified inthe V&V exercisein the ICFM P:

1. Lack of agreement among participants onthe measurements and data needed as
input tothe fire models being exer cised;

2. Lack of an established formal procedure for the submission and col lection of
blind calcul aions from the participants.

Theissueregardinginput datatothe fire models is discussed first followed by theissue
on thelack of aformal procedure for the submission and collection of blind caculations.
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3.2.4.1 Parameters | ssues

Themain threeinput parameters that wereissues in the V&V process were:

1. Heat Release Rate (HRR)
2. Radiative Fraction
3. Thermd Parameters of Compartment Boundary

These parameters have a big effect on compartment fires and parameters important for
nuclear plant safety anadysis. It should be notedthat there are many other parameters that
requireinput datain thefiremodes. All theissues regardinginput parameters that arose
inthe ICHM P are not discussed here but areincluded in thefull ICFM P reports (Dey,
2002; M iles, 2004; M cGratan, 2007; Klein-Hessling, 2006; and Riese, 2006) of the
benchmark exercises. Thethreeissues identified above are discussed in more detail here
toillustrate the need for improvements in the V&V process.

3.2.4.1.1 Heat Rd ease Rate

The measurement of the heet release rate was amajor challenge and source of uncertainty
inthe vdidation process inthe ICFM P. Asindicated earlier, the current state of
knowledge of the science of combustion and the fire phenomena does not alow modeling
of combustion and the heat released. Research is continuingto improve our knowledge
of combustion and heats released, but this research is still a the basic stages. Therefore,
the heat released in experiments must be measured and then input tothe fire models
beingvdidated. Thefiremodes arethen only vadidated for the prediction of the effects
of afire based on ahesat rel easerate input tothe model. Obviously, the heet releaserate
predominantly determines the magnitude of the fire effects.

The measurement of the hest release rate was amajor challenge for Benchmark Exercises
Nos. 3,4, and 5. Thechalengesincurred for measuringthe heat rel easerate for
Benchmark Exerciseno. 2, Part | is unknown because datafrom the tests conducted by
VTT were provided without any discussion of uncertainties in the measurements.

Benchmark Exercise No. 3

The measurement for the heat rdeaserate for Benchmark Exercise No. 3 was a
significant challengethat resulted in the inability to conduct ablind benchmark exercise
and derivetrue modd errors.

Thefollowing is the sequence of events duringthe analysis of the heat releaserate (HRR)
datafor Benchmark Exercise No. 3 which illustrates the significant difficulties faced by
the experimentdists for this measurement.

Thetegs for Benchmark Exercise No. 3 were completed on June 5, 2003. T he heat

releaserates for tests with gpen door and/or with mechanical ventilation were measured
by two independent methods, measurement of the fuel flow and caorimetry. Thefue
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system was designed to deliver acontrolled amount of liquid fud in theform of aspray
indl tests. Thetransient fuel flow rate was controlled duringthetests by adjustingthe
speed (pm) of thepump. Thefud flow was ramped up in alinear manner from zeroto a
longer steady burning period to establish nomina steady heet releaserates duringthe 15
tests of the internationa benchmark exercise. After the steady burningperiod a the
designed hest rel esserate, the fuel flow was ramped-down tozero in alinear manner over
aperiod of 3 min. Thefue used for thetests was acommercially avail able blend of
heptanes for mog tess, andtoluene for onetest with nomina heeat releaserates ranging
from 350 kW to 2 MW. The nomind fuel flow designed for each test was achieved by
adjustingthe speed of the fud pump to result inthe designed heet releaserate. The
desired pump gpeed for each test was deermined prior to each test by measuring the fue
flow by means of volume output per agven timeperiod. A fue flow meter was not
made avail able for measurement duringthetests. A detailed description of the fue
system and the fud flow rates duringthetestsis gven in Hamins et a., 2003a.

The heet releaserate (HRR) was also determined using oxy gen consumption calorimetry
by monitoring the flow of hot gases through the door duringthe open-door tess and vents
for those with mechanica ventilation in the newly commissioned 9 m x 12 m hood at
NIST. Bryat et d., 2004 describe the hest release measurement fecility,

instrumentation, and procedures in detail. Figure 3-2 shows typical caorimetric
measurements of the HRR. Test 3was open door, and Test 4 was closed door with
mechanical ventilation and was under ventilated.

Figure 3-2 Typical Calorimetric Measur ements of HRR

After thetests were completed, the experimentalists (at NIST) discovered a consistent
discrepancy in the measured HRR though calorimetry and fud flow. The HRR meas