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Advanced Fire Modeling

B
* Course Objectives
— Fire modeling for nuclear power plant (NPP) applications
— Fire modeling uncertainty estimation

» Approach
— Evaluate fire scenarios relevant to NPPs
— Use models evaluated in verification and validation (V&V) study
— Demonstrate capability and limitations of each model type
— Quantify uncertainty as part of the fire modeling analysis
— ldentify relevant sensitivity analyses to support use of results
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Background

* NFPA issued the first edition of NFPA 805 in 2001

* NRC amended 10 CFR 50.48(c) in 2004 to employ NFPA
805 as alternative to existing deterministic requirements

* NFPA 805 requires that

— Fire models shall be verified and validated (section 2.4.1.2.3)

— Only fire models that are acceptable to the authority having
jurisdiction (AHJ) shall be used in fire modeling calculations
(section 2.4.1.2.1)

 NRC/RES and EPRI completed V&V project for five fire
modeling tools in 2007

— Results documented in NUREG-1824, EPRI 1011999
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NUREG 1934 / EPRI 1023259 — NPP FIRE MAG

* The objective of this document is to describe the process
of conducting fire modeling analyses for commercial
nuclear power plant applications

* The process addresses the following technical elements
— Selection and definition of fire scenarios
— Determination and implementation of input values
— Sensitivity analysis
— Uncertainty quantification
— Documentation

* The document provides generic guidance, recommended
best practices, and example applications
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NUREG 1934 / EPRI 1023259 — NPP FIRE MAG

» Users with following expertise will benefit the most :
— General knowledge of the behavior of compartment fires

— General knowledge of basic engineering principles, specifically
thermodynamics, heat transfer, and fluid mechanics

— Ability to understanding the basis of mathematical models
involving algebraic and differential equations
 Further training resources
— Academic courses
— Short courses
— Written materials
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Overall fire PRA structure — NUREG 6850
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Overall fire PRA structure — NUREG 6850
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Fire Modeling Theory

Ceiling jet

Hot Gas Layer

Targets
Smoke Plume
Flame Plume
Thermal Radiation
from Flame Plume
Figure 1-1. Characteristics of compartment fires.
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Fire Modeling Theory

I
» Parameters of interest in fire modeling analyses:
— Rate of smoke production
— Rate of smoke filling
 HGL interface position
— Properties of the fire plume and ceiling jet
» Temperatures / velocities
— Properties of the HGL
» Temperature / smoke concentration / visibility
— Target response to incident heat flux

* Nuclear safety targets (cables, equipment, operators ...)
» Fire protection targets (sprinklers, detectors ...)

Fire PRA Workshop 20 7?, Char lotte, NC SlldeQ A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




I Fire Models In NUREG 1934 / EPRI 1023259

* Algebraic models (1.4.1)
— FDTs
— FIVE-rev1

« Zone models (1.4.2)
— CFAST
— MAGIC

Mass inflow
. f——

* CFD models (1.4.3)
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Fire Model V&V

 Fire models shall only be applied within the limitations of
the given model and shall be verified and validated.

» Validation
— Is the physics right?
— Are the right equations being solved?
* Verification
— Is the math right?
— Are the selected equations being solved correctly?

* NUREG-1824, EPRI 1011999 - Verification and Validation
of Selected Fire Models for Nuclear Power Plant
Applications
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NFPA 805 Fire Modeling Applications

* NFPA 805 requirements associated with fire modeling are
organized in two sections

— Section 2.4.1.4 describes the requirements associated with the
fire modeling tools selected for the analysis.

— Section 4.2.4.1 describes requirements for the implementation of
a performance-based fire modeling analysis.
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NFPA 805 Fire Modeling Applications

* NFPA 805 Section 2.4.1.2 describes the requirements for
the use of fire models, which include:
— The use of fire models acceptable to the AHJ
— The application of fire models within their range and limitations

» Chapter 2 of NUREG 1934, EPRI 1023259 provides

guidance on
» Ensuring the model is within the range of limitations

» Ensuring specific fire model applications are within the scope of
existing V&V studies

» What steps should be taken if they are not
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NFPA 805 Fire Modeling Applications

* NFPA 805 Section 4.2.4.1 describes the process to follow
when using fire modeling to address variances from
deterministic requirements (VFDRs):

— ldentify Targets (NFPA 805 § 4.2.4.1.1)

— Establish Damage Thresholds (NFPA 805 § 4.2.4.1.2)
— Determine Limiting Conditions (NFPA 805 § 4.2.4.1.3)
— Establish Fire Scenarios (NFPA 805 § 4.2.4.1.4)

— Protection of Required Nuclear Safety Success Paths (NFPA 805
§4.2.4.1.5)

— Operations Guidance (NFPA 805 § 4.2.4.1.6)
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Fire Modeling in Support of Fire PRA

 Fire PRA applies fire modeling in the fire scenario
development and analysis process

— A fire scenario in a Fire PRA is often modeled as a progression of
damage states over time

— ltis initiated by a postulated fire involving an ignition source

— Each damage state is characterized by a time and a set of targets
damaged within that time

— Fire modeling is used to determine the targets affected in each
damage state and the associated time at which this occurs
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I Fire Modeling in Support of Fire PRA

Damage State 1
(Ignition Source Damage State Damage State Damage State 4
Ignition Only) 2 3 (Hot Gas Layer)

No additional damage outside the ignition source

No damage outside target set 1

No damage outside target set 2

Mo damage outside target set
3

Figure 1-4: Event tree depicting scenario progression modeled in a Fire PRA

Fire PRA Workshop 20 1?, Chaf/Ottf?, NC Sllde16 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Electric Power Research Institute (EPRI)




I Start

Fire Modeling Process

Define fire modeling goals
and objectives (Section 2.1)

N
« Step 1
— Define modeling goals
« Step 2
— Characterize fire scenarios

d Step 3 required conditions (Section 2.4)

End Conduct a sensitivity and

— Select fire models
« Step 4
— Calculate fire conditions

«Step 5

— Sensitivity / uncertainty analyses

Characterize the fire
scenarios (Section 2.2)

Selectthe fire model(s)
(Section 2.3)

* Step 6

— Document the analysis

Fire PRA Workshop 201?, Chaf/Otl‘f?, NC A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Electric Power Research Institute (EPRI)

Figure 2-1. Fire modeling process.




Step 1 - Define Modeling Goals

 Establishment of general goals and performance
objectives specific to the fire modeling application

« Example of a general goal

— Demonstrate that targets required for safe shutdown remain free
from fire damage (deterministic goal) ... to a specified level of
probability (probabilistic goal)

« Example of a specific performance objective

— Evaluate if a fire in Fire Area “X” involving Panel “Y” could cause
the surface temperature of Cable “Z” to exceed 330 °C (625 °F)
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Step 1 - Define Modeling Goals

* Maximum acceptable surface temperature for a cable,
component, secondary combustible, structural element, or
fire-rated construction

* Maximum acceptable incident heat flux for a cable,
component, structural element, or secondary combustible

* Maximum acceptable exposure temperature for a cable,
component, structural element, or secondary combustible

 Maximum acceptable enclosure temperature
* Maximum smoke concentration or minimum visibility

* Maximum or minimum concentration of one or more gas
constituents, such as carbon monoxide, oxygen,
hydrogen cyanide
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Step 2 - Characterize Fire Scenarios

* A fire scenario is defined as a set of elements needed to
describe a fire incident

* These elements are typically specified in fire models

* These elements include the following:
— Enclosure details
— Fire location within the enclosure
— Fire protection features that will be credited
— Ventilation conditions
— Target location(s)
— Secondary combustibles
— Source fire
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Step 2 - Characterize Fire Scenarios

[
 Enclosure details

* Enclosure details include
— The identity of the enclosures included in the fire model analysis
— The physical dimensions of these enclosures
— The boundary materials of each enclosure

Fire PRA Workshop 2013, Charlotte, NC S/Id627 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Electric Power Research Institute (EPRI)




1 | 3 ¥ 2 ] 1

Notes:
l. Ceiling is Concrete.
Return Vent Duet _’__,7'_5““’13" Vent Duct 2. Floors are Concrete covered with Carpet.
- 5.2 m 3. Open Grate Drop Ceiling at 3.0 m (10 ft) above Floor.
4.9 m x2-- P, N - 4. Gypsum on Walls is 1.6 cm (5/8 in) thick.
5. Dimensions are in meters, 1 meter = 3,28 ft.
Open Grate—. D
Drop Ceiling 3.0 m x7
(Including Drop Ceiling)
2.4 m x10
2.0 m —Cabinet (Fire Origin)
1.0 m x2
0.8 m x2--
1.
.l N L = =
| . .
-0.5 m Left Slde View “~_{losed Door
4.6 m x2 12.3 m x2 20.l|m %2
1.0 m 3.4 m x3 6.0 m 5om 11.0 m x2 16.0 m | 20.4 m
3 i f
! b ——_l 225 m=2
16.2 m | c
I 23.5 m
! |
| ]
14.5 m =2
_——Return Vent Return Vent—
12.7 m x2 1) | L
s N T S Y Aoy 5 -
12.0 m 12.2 m x3 =
11.0 | | / 24.6 m
1.0 m :
| * [ | Smoke Detector (x6)-~ | |
10.0 m x3-——]—— | 1 | :L
. - — .
L —Supply Vent (x6) - B Cabinet (x10)
9.0 m x3 — —1 | | "y, L _r—
. | {1 T -
e | | L 1) |
8.0 m x3——= — i = L ]
7.8 mo—" | Table (x2)—) |
o ["—Closed Door | |
7.0 m x3-——- | ‘ | ‘ | ‘
6.0 m x2 - } 3 Toeati | }
perator Location— .
"D n J —-~|»- 5.5 m
5.0 m x5 — \ ¢ | —
- = _— 1YV — T 4.6 m x3
4.0 m %3 ! ) ¥
l\ (j\ D —effe—0.2 m Typ.
3.0 m x5 L . + : ! Y C )
. - L FCabinet Upper - | 1 ™ R
e vent Sigde i i ~-Gypsum Walls
|-_ L .—Wall Cabinet (See Section A-A)
-
| I
H ~—Concrete Wall
0.0 m } i ¥ n
i} lm-= 3.28 ft
- H : ! ———— ohject
0.0m | 25n i A gshxa 1200m 14503 18.6 m 20.6m x4 21.6 m 22.6m 09 hlee
1.5 3.5 m 5.5 m 11.2 m
T  Beasun
@ - swoxe petector | 1 -1 | Main Control Room
1

] ] 3 p 2 I



Step 2 - Characterize Fire Scenarios

* Fire location

* The location depends on the fire modeling goal, the target
location, and the fire modeling tool selected

« Examples:
— Targets in the fire plume or ceiling jet
— Targets affected by flame radiation
— Targets engulfed in flames
— Targets immersed in the Hot Gas Layer
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Step 2 - Characterize Fire Scenarios

 Credited fire protection

* Fire protection features to be credited in a fire modeling
analysis usually require a fire protection engineering
evaluation of the system’s effectiveness

— Assessment of the system compliance with applicable codes,
iIncluding maintenance and inspection

— Assessment of the system performance against particular fire
scenarios being considered.
* Fire modeling tools within this course may not be able to
model the impact of some of the fire protection features
credited in a given scenario.
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Step 2 - Characterize Fire Scenarios

* Ventilation conditions

* Ventilation conditions include:

— Mechanical ventilation
* Normal HVAC / purge mode

— Natural ventilation
* Door / window / damper / vent positions

 Target location(s)

* The physical dimensions of the target relative to the
source fire or the fire model coordinate system.
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Step 2 - Characterize Fire Scenarios

I
« Secondary combustibles

* Any combustible materials that, if ignited, could affect the
exposure conditions to the target set considered.

— Intervening combustibles, which are those combustibles located
between the source fire and the target, are examples of
secondary combustibles

« Secondary combustibles include both fixed and transient
materials

« Secondary combustibles take on the characteristics of a
target prior to their ignition
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Step 2 - Characterize Fire Scenarios

N
 Source fire

* The source fire is the forcing function for the fire scenario

« Common fuel packages include electrical panels and
transformers, cables, transient combustible material,
lubricant reservoirs, and motors

* The source fire is typically characterized by a heat release
rate history

« Other important aspects include the physical dimensions
of the burning object, its composition, and its behavior
when burning
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Step 3 - Select Fire Models

 Fire models can be classified into three groups:
— Algebraic models

— Zone models
— CFD models

* The level of effort required to describe a scenario and the
computational time consumed by each group increase in
the order in which they are listed.

— Combination of all three types of models may be useful for
analyzing a specific problem.
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Step 3 - Select Fire Models

Table 2-1. Summary of Common Fire Model Tools

Flrglg;sdﬂ Examples | Typical Applications Advantages Disadvantages
Algebraic FDT® Screening calculations; | Simple to use; Limited
models FIVE- zone of influence; minimal inputs; application range;
Rev1 target damage by quick results; treats phenomena
thermal radiation, Hot ability to do multiple in isolation;
Gas Layer, or thermal | parameter sensitivity typically
plume acting in studies. applicable only to
isolation. steady state or
simply defined
transient fires
(e.g., proportional
to the square of
time or t?fires).
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Step 3 - Select Fire Models

Table 2-1. Summary of Common Fire Model Tools

‘ F'rEIE;SdEI ‘ Examples | Typical Applications Advantages Disadvantages
Zone Model | CFAST Detailed fire modeling Simple to use; Error increases
MAGIC in simple geometries; couples Hot Gas Layer | with increasing
often used to compute | and localized effects; deviation from a
hot gas temperatures quick results; rectangular
and target heat fluxes. | apjlity to do multiple enclosure;
parameter sensitivity large horizontal
studies. flow paths not well
treated.
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Step 3 - Select Fire Models

Table 2-1. Summary of Common Fire Model Tools

F'rEIE;SdEI Examples | Typical Applications Advantages Disadvantages
Computation | FDS Detailed fire modeling Ability to simulate fire Significant effort
Fluid in complex geometries, | conditions in complex to create input
Dynamics including computing geometries and with files and post-
Model time to target damage complex vent process the

and habitability (MCR conditions. results;
abandonment or long simulation
manual action times;
feasibility). difficult to model
curved geometry,
smoke detector
performance, and
conditions after
sprinkler
actuation.
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Step 3 - Select Fire Models

* Fire Dynamics Tools (FDTs)

 FDTs is a set of algebraic models preprogrammed into
spreadsheets

* The FDTs library is documented in NUREG-1805 and
Supplement 1 (2011)

* The NRC maintains a website where both new and

updated spreadsheets are posted:
www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr1805/finalreport/index.html

 See NUREG-1934, EPRI 1011999 Table 2-2 for complete
list of FDTs routines
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Step 3 - Select Fire Models

* Fire-Induced Vulnerability Evaluation (FIVE)-Rev1

* Five-Rev 1 is a set of algebraic models preprogrammed
Into spreadsheets

* The FIVE-Rev 1 library is documented in EPRI 1002981

 See NUREG-1934, EPRI 1011999 Table 2-3 for complete
list of FIVE-Rev 1 routines
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Step 3 - Select Fire Models

* Consolidated Fire Growth and Smoke Transport
(CFAST)

« CFAST is a multi-room two-zone computer fire model

* The model subdivides a compartment into two control
volumes
— Arelatively hot upper layer (i.e., the HGL)
— A relatively cool lower layer
— Conditions within each control volume are considered as uniform
at any time, with no spatial variations within a control volume
* For some application the two-zone assumption may not
be appropriate
— Long hallways / Tall shafts
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Step 3 - Select Fire Models

* MAGIC

* MAGIC is a two-zone computer fire model, developed and
maintained by EdF specifically for use in NPP analysis

* MAGIC is fundamentally similar to CFAST and solves the
same basic set of predictive differential equations
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Step 3 - Select Fire Models

* Fire Dynamics Simulator (FDS)
 FDS is a CFD model of fire-driven fluid flow

* The model numerically solves a form of the Navier-Stokes
equations appropriate for low-speed, thermally driven
flow, with an emphasis on smoke and heat transport from
fires

* FDS computes the temperature, density, pressure,
velocity, and chemical composition within each grid cell at
each time step

— There are typically hundreds of thousands to several million grid
cells, and thousands to hundreds of thousands of time steps in a
FDS simulation
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Table 2-5. Summary of selected normalized parameters for application of the validation
results to NPP fire scenarios (NUREG-1824/EPRI 1011999, 2007).

Quantity

Normalized Parameter

General Guidance

Validation
Range

Fire Froude
Number

Ratio of characteristic
velocities. A typical
accidental fire has a Froude
number of order 1.
Momentum-driven fire
plumes, like jet flares, have
relatively high values.
Buoyancy-driven fire
plumes have relatively low
values.

04-24

Flame Length
Ratio

A convenient parameter for
expressing the “size” of the
fire relative to the height of
the compartment. A value

of 1 means that the flames

reach the ceiling.

02-1.0

Ceiling Jet
Distance Ratio

Ceiling jet temperature and
velocity correlations use
this ratio to express the
horizontal distance from
target to plume.

1.2-17

Equivalence
Ratio

¥ = AH,, o,

Mo, =

' 1
0.23 XEAO.,/'HO (Natural)
0.23 p,,V (Mechanical)

The equivalence ratio
relates the energy release
rate of the fire to the energy
release that can be
supported by the mass flow
rate of oxygen into the
compartment, mg,. The
fire is considered over- or
under-ventilated based on
whether ¢ is less than or
greater than 1, respectively.
The parameter, r, is the
stoichiometric ratio.

0.04-06




Quantity

Normalized Parameter

General Guidance

Validation
Range

Compartment
Aspect Ratio

L/H, or W/H,

This parameter indicates
the general shape of the
compartment.

06-57

Radial Distance
Ratio

il

This ratio is the relative
distance from a target to
the fire. It is important
when calculating the
radiative heat flux.

22-57




Step 3 - Select Fire Models

 Fire parameters may fall outside their validation range
defined in NUREG-1824 , EPRI 1011999

* The predictive capabilities of the fire models in many
scenarios can extend beyond the range

» Analyst is required to address these situations
 Sensitivity analyses can be used to address these

scenarios
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Step 4 - Calculate Fire Conditions

* This step involves running the model(s) and interpreting
the results.

* The process includes
— Determine the output parameters of interest
— Prepare the input file
— Run the computer model
— Interpret the model results
— Arrange output data in a form that is suitable for the goal
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Step 5 - Sensitivity And Uncertainty Analyses

* A comprehensive treatment of uncertainty and sensitivity
analyses are an integral part of a fire modeling analysis

* Model uncertainty

— Models are developed based on idealizations of the physical
phenomena and simplifying assumptions

» Parameter uncertainty

— Many input parameters are based on available generic data or on
fire protection engineering judgment
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Step 6 - Document The Analysis

I
* Information needed to document fire scenario selection

will be gathered from a combination of observations made
during engineering walkdowns and a review of existing
plant documents and/or drawings

— Marked up plant drawings.

— Design basis documents (DBDs).

— Sketches.

— Write-ups and input tables.

— Software versions, descriptions, and input files.

A reviewer should be able to reproduce the results of a
fire scenario analysis from the information contained
within the documentation
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I Fire Modeling Elements —
Heat Release Rate
I

* Three questions usually have to be
answered to adequately assess the
heat release rate of a fire:
— How fast does the fire grow?
— What is the peak intensity of the fire?
— How long does the fire burn?

* Other factors:
— Fire elevation

— Fire location relative to targets or
obstructions

— Soot yield
— Radiative fraction

— Yield factors

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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. Fire Modeling Elements —
Area Configuration

« Compartment geometry
» Compartment Boundary materials

Table 3-1. Material Properties

ULIEREL Density Specific Heat
Material Conductivity (kg Im3) (kJ/kg/K) Source
(W/m/K)
Brick 0.8 2600 0.8 NUREG-1805, Table 2-3
Concrete 1.6 2400 0.75 NUREG-1805, Table 2-3
Copper 386 8954 0.38 SFPE Handbook, Table B.6
Gypsum 0.17 960 1.1 NUREG-1805, Table 2-3
Plywood 0.12 540 2.5 NUREG-1805, Table 2-3
PVC 0.192 1380 1.289 NUREG/CR-6850, Appendix R
Steel 54 7850 0.465 NUREG-1805, Table 2-3
XLP 0.235 1375 1.390 NUREG/CR-6850, Appendix R
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I Fire Modeling Elements —
Ventilation Effects
I

* Ventilation openings
— Vertical (doors / windows)
— Horizontal (ceiling / floor vents)

 Leakage paths
 Mechanical ventilation
— Injection
— Extraction
— Recirculation
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I Fire Modeling Elements —
Targets
B
» Targets are objects of interest than can be affected by the
fire-generated conditions

 Targets typically consist of
— Cables in conduits
— Cables in raceways
— Plant equipment or
— Plant personnel

 Targets are characterized by
— Location,
— Orientation (i.e. facing the fire, HGL, floor, etc.)
— Damage criteria and
— Thermophysical properties
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. Fire Modeling Elements —
Secondary Combustibles

* Intervening combustibles should be described in terms of
their locations as well as in terms of their relevant
thermophysical and flammability properties

* Representing intervening combustibles in fire models
presents technical challenges that the analyst should
consider

— Obtaining the necessary geometric and thermophysical properties
representing the intervening combustible and

— The ability of the computer tools to model the fire phenomena
(e.g., fire propagation).
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Representative Fire Scenarios

sese ]

R S Ra Hy R R Re N Re R g

Figure 3-1. Pictorial representation of the fire scenario and corresponding technical
elements described in this section.
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I Scenario 1 -
Targets in the Flames or Plume

 This scenario consists of a
target (electrical cable in a
raceway) immediately
above an ignition source
(electrical cabinet)

* Objective: Calculate the
time to damage for a target
immediately above a fire

- Examples B and E

Figure 3-3. Pictorial representation of scenario 1
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I Scenario 2 -
Targets Inside or Outside the Hot Gas Layer

* This scenario consists of a

t ar g et ’ | g N |t| on source , an d -EE-%'-f-I-‘-:-Z-'-f-3-'-:-:-'-'_-3-'-t-f-'-f-I-'-:-Z-'-_'-Z-‘-:-:-'-‘_-3-'-:-:=-';1\-'-__2-'5-2-‘_;:;-'-f-I-‘-:-:-'-f-3-'-:-:-'-'_-3-'-'_-f-'-f-I-'-:-Z-'é?é?é?é}ériﬁé?é?é}é?é?%‘é
perhaps a secondary fuel : :

source

 Objective: Calculate the
time to damage for the
target if it is inside or
outside the Hot Gas Layer

« Examples C and E

Figure 3-4 Pictorial representation of scenario 2
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I Scenario 3 -
Targets Located in Adjacent Rooms

* This scenario consists of a target in a room adjacent to
the room of fire origin

* Objective: Calculate the time to damage for a target in a
room next to the room of fire origin

« Example G
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I Scenario 4 —
Targets in Rooms with Complex Geometries
[

 This scenario involves a
room with an irregular
ceiling height

 Objective: Calculate the
time to damage for a target
In a room with a complex
geometry

« Examples D and H

R P P P P P P P L P L L) T O O TR T o T O T TN T AR T TN O T T

Figure 3-6. Pictorial representation of scenario 4
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I Scenario 5 -
Main Control Room Abandonment

* This scenario consists of a
fire (electrical cabinet fire
within the main control
board) that may force
operators out of the control
room

 Objective: Determine when
control room operators will
need to abandon the
control room due to fire-
generated conditions

« Example A

Fire PRA Workshop 2013, Charlotte, NC Sld """""" 3
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I Scenario 6 —
Smoke Detection and Sprinkler Activation
I

* This scenario addresses smoke/heat detector or sprinkler
activation

* Objective: Calculate the response time of a smoke or heat
detector that may be obstructed by ceiling beams,
ventilation ducts, etc.

- Examples B and E
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I Scenario 7 -
Fire Impacting Structural Elements

* This scenario consists of
fire impacting exposed
structural elements

 Objective: Characterize the
temperature of structural
elements exposed to a
nearby fire source

« Example F
Figure 3-9. Pictorial representation of scenario 7
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Summary

* The purpose of this module has been to introduce the
following concepts relevant to NPP applications:
— The fire modeling process
— The fire modeling tools
— Representative fire modeling scenarios
— Uncertainty / sensitivity analyses

* On Day 2 we will review fire modeling concepts

* On Days 3 and 4, we will consider the 8 example fire
modeling scenarios in more detalil

* On Friday, you will perform your own analyses
— Think about scenarios you would like to address
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Fire Model Verification and Validation

« ASTM E 1355, Standard Guide for Evaluating the
Predictive Capability of Deterministic Fire Models

— Verification: the process of determining that the implementation
of a calculation method accurately represents the developer's
conceptual description of the calculation method and the solution
to the calculation method. Is the Math right?

— Validation: the process of determining the degree to which a
calculation method is an accurate representation of the real world
from the perspective of the intended uses of the calculation
method. |s the Physics right?

— This presentation focuses primarily on validation.
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I Important Measurements/ Parameters

« Room Temperature
— Main control room abandonment study

— Targets in room of fire origin or adjacent compartments

* Flame height, Plume & Ceiling jet temperature
— Target heating and target temperature near the ignition source
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I Important Measurements/ Parameters

* Oxygen & smoke
concentration

— Main control room habitability

« Room pressure

— Issues related to mechanical
ventilation and/or smoke
migration

 Target/wall heating and
target/wall temperature

— Most fire scenarios
throughout the plant

Fire PRA Workshop 2013, Charlotte, NC 7 S Ild960 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I How were the experiments selected?

 Selection Criteria: High-Quality Experiments
— Large-scale experiments
— Auvailability of data
— Directly applicable to nuclear power plant applications
— Accurate measurement of the fire heat release rate
— Well documented

— Uncertainty analysis useful

» Selection Process

— Extensive review of fire literature
— Scarcity of high-quality large-compartment fire test data

— Typical industry tests: proprietary, reduced-scale, not NPP related

Fire PRA Workshop 2013, Charlotte, NC
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I Fire Models Selected

Fire Dynamics Tools (FDT®) NRC Spreadsheets
FIVE-Rev1 EPRI Spreadsheets
Cons. Fire & Smoke Transport (CFAST) NIST zone model

MAGIC Electricite de France zone
Fire Dynamics Simulator (FDS) NIST CFD Model
Spreadsheets Zone Models (Dﬁ Field Models

L, =0.230*°-1.02D

R
Hot Upper Zone E_J..iﬂ

N )
}3&3&3&3&3&3&3&3&3&3&3&}
’

A
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; e——
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I Quantitative V&V Results
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I Results of the V&V

Parameter

Fire Model

FDTS

FIVE-Rev1

Room of YELLOW+ | YELLOW+
Origin

Adjacent N/A N/A
Room

N/A

N/A

CFAST

YELL ‘ YELLOW+

YELLOW+

FDS

MAG

Plume tempegiture

Flame height

Oxygen concefitration

YELLOW-

Smoke concenf@ation

N/A

N/A

Room pressure

N/A

N/A

Target temperature

N/A

N/A

N/A

YELLOW

YELLOW

YELLOW

YELLOW

YELLOW

YELLOW

YELLOW

Radiant heat flux

YELLOW

YELLOW

YELLOW

YELLOW

Total heat flux

N/A

N/A

YELLOW

YELLOW

Wall temperature

YELLOW

YELLOW

Total heat flux to walls

YELLOW

YELLOW
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What is Uncertainty?

 Parameter Uncertainty — refers to the contribution of the
uncertainty in the input parameters to the total uncertainty
of the simulation

 Model Uncertainty — refers to the effect of the model
assumptions, simplified physics, numerics, etc.

« Completeness Uncertainty — refers to physics that are left
out of the model. For most, this is a form of Model
Uncertainty.
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I Fire Model Validation Study, NUREG-1824
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Table 4-1. Results of the V&V study, NUREG-1824 (EPRI 1011999).

FDTs FIVE CFAST MAGIC FDS Exp

Output Quantity
5 | 6y 5 | 6y § | 6y 5§ | 6y s | 6, | 6

HGL Temperature Rise* 144 | 0251156 | 0321106 | 0.12]1.01 | 0.07 | 1.03 | 0.07 | 0.07
HGL Depth* N/A N/A 104 | 014|112 | 0.21 | 0.99 | 0.07 | 0.07
Ceiling Jet Temp. Rise N/A 184 | 0.29]1.15|0.24|1.01 | 0.08 | 1.04 | 0.08 | 0.08
Plume Temperature Rise 07310241094 (0491125 |02811.01 | 0071115 | 0.11] 0.07
Flame Height** IID. | ILD. | ILD. | 1D IID. | ID. | I.D. | ID. | I.D. | I.D. | 1.D.
Oxygen Concentration N/A N/A 09110151090 [ 0.18 ] 1.08 | 0.14 1 0.05
Smoke Concentration N/A N/A 265 10631206 |053]1270|055]0.17
Room Pressure Rise N/A N/A 113 | 037|094 | 0.39 | 095 | 0.51] 0.20
Target Temperature Rise N/A N/A 1.00 | 027 | 119 | 0.27 | 1.02 | 0.13 ]| 0.07
Radiant Heat Flux 202 | 059|142 | 0551132054 |107 | 036|110 | 0.17] 0.10
Total Heat Flux N/A N/A 081 |047)]118 | 0.35]|0.85|0.22]0.10
Wall Temperature Rise N/A N/A 125 1048|138 | 045|113 | 0.20 | 0.07
Wall Heat Flux N/A N/A 1.05 | 043|109 | 034|104 | 0.21] 0.10

|.D. indicates insufficient data for the statistical analysis.
N/A indicates that the model does not have an algorithm to compute the given Output Quantity.

Underlined values indicate that the data failed a normality test because of the relatively small sample size.

* The algorithm used to compute the layer temperature and depth for the model FDS is described in NUREG-1824.
** All of the models except FDS use the Heskestad Flame Height Correlation (Heskestad, SFPE Handbook). These models were
shown to be in qualitative agreement with the experimental observations, but there was not enough data to further quantify this

assessment.
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Procedure for Calculating Model Uncertainty

1. Express the predicted value in terms of a rise above ambient. For example, subtract the
ambient temperature from the predicted temperature. Call this value M.

2. Find the values of model bias and relative standard deviation from table on previous slide.
Compute the mean and standard deviation of normal distribution:

=M/ o = Gy (M/5)

3. Compute the probability of exceeding the critical value:

1

P(x>x.) = erfC (xc _ #)

aV2
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I 4.3.1 Example 1: Target Temperature

Suppose that cables within a compartment are assumed to fail if their surface temperature
reaches 330 °C (625 °F). The model FDS predicts that the maximum cable temperature due to
a fire in an electrical cabinet is 300 °C (570 °F). What is the probability that the cables could
fail?

Step 1: Subtract the ambient value of the cable temperature, 20 °C (68 °F) to determine the
predicted temperature rise. Refer to this value as the model prediction:

M = 300 — 20 = 280°C (4-6)

Step 2: Refer to Table 4-1, which indicates that, on average, FDS overpredicts Target
Temperatures with a bias factor, 6§, of 1.02. Calculate the adjusted model prediction:

M 280
=— = —2= 5° 4-7
W= =15, =275C (4-7)
Referring again to Table 4-1, calculate the standard deviation of the distribution:
M 280
—7 —| = —_— = o 4-8
7= m (5) 0-13 (1.02) 36°C (4-8)

Step 3: Calculate the probability that the actual cable temperature would exceed 330°C:
T —Ty— U 1 330 — 20 — 275
Lot <L oo (220227
a2 2 362
The process is shown graphically in Figure 4-3. The area under the “bell curve” for
temperatures higher than 330 °C (625 °F) represents the probability that the actual cable

temperature would exceed that value. Note that this estimate is based only on the model
uncertainty.

| 1
P(T >330) =~ erfc( = 0.16 (4-9)
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4.3.2 Example 2: Critical Heat Flux

As part of a screening analysis, the model MAGIC is used to predict the radiant heat flux from a
fire to a nearby group of thermoplastic cables. According to NUREG/CR-6850 (EPRI 1011989),
Appendix H, one of the damage criteria for thermoplastic cables is a radiant heat flux to the

B target cable that exceeds 6 kW/m?. The model, by coincidence, predicts a heat flux of 6 KW/m?.
What is the probability that the actual heat flux from a fire will be 6 kW/m? or greater? Assume
for this exercise that the model input parameters are not subject to uncertainty, only the model
itself.

Step 1: Unlike in the previous example, there is no need to subtract an ambient value of the
heat flux (it is zero). Thus, the model prediction is:

M = 6 kW/m? (4-10)
Step 2: Refer to Table 4-1, which indicates that, on average, MAGIC overpredicts Radiant Heat
Flux with a bias factor, §, of 1.15. Calculate the adjusted model prediction:

M 6
=== ® 52 kWim? @-11)

Referring again to Table 4-1, calculate the standard deviation of the distribution:
M 6
—&. (=) =o. ~ 1 2 4-12
o aM(a) 036(1.15) 1.9 kW/m (4-12)

Step 3: Calculate the probability that the actual heat flux, ¢"', will exceed the critical value of the
heat flux, ¢~ = 6 kW/m?:

P(g" > 6) f (qg_‘“) L (6_5'2) 0.34 (4-13)
== erfc(———) == erfc ~ 0. -
a 1L9vV2

This is a somewhat surprising result. Even though the model predicts a peak radiant heat flux
equal to the critical value, there is only a one in three chance that the actual heat flux would
exceed this value. This is mainly due to the fact that MAGIC has been shown to over-predict
the heat flux by about 15%.
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I Sensitivity Analysis to Address
Parameter Uncertainty
B

Output Quantity = Constant x (Input Parameter)™"

Example: MQH correlation states that the HGL temperature rise is proportional to the
HRR to the 2/3 power:

T — Ty =CQ?*3
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Table 4-3. Sensitivity of model outputs from Volume 2 of NUREG-1824 (EPRI 1011999).
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. Important Input
Output Quantity Parameters Power Dependence
HRR 2/3
Surface Area -1/3
HGL Temperature Wall Conductivity -1/3
Ventilation Rate -1/3
Door Height -1/6
HGL Depth Door Height 1
. HRR 1/2
Gas Concentration Production Rate 1
. HRR 1
Smoke Concentration Soot Yield 1
HRR 2
Pressure Leakage Rate 2
Ventilation Rate 2
Heat Flux HRR 4/3
Surface/Target HRR /3
Temperature
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I Suppose, for example, that as part of an NFPA 805 analysis the problem is to determine the
Limiting Fire Scenario for a particular compartment whose HGL temperature is not to exceed
200 °C (930 °F). Assume that the geometrical complexity of the compartment rules out the use
B of the empirical and zone models, and that FDS has been selected for the simulation.

Step 1: Determine an appropriate maximum expected fire heat release rate. For this example,
suppose that a 98" percentile HRR for the electrical cabinet fire, 702 kW, has been determined
to be the MEFS. Choose a model and calculate the peak HGL temperature.

Step 2: Assume that FDS predicts 450 °C (840 °F) for the selected fire scenario. Adjust the
prediction to account for the model bias, § (See Table 4-1):

T-T, 450 — 20
= —_—= —_—= © 4-17
Tag = To +— 20 + — 5> 437°C (4-17)
Step 3: Calculate the change in HRR required to increase the HGL temperature to 500 °C
(930 °F):
AT 370222087 jsokw 4-18
AQ ~ 2QTad,—T0 2 417 7 (4-18)

This calculation suggests that adding an additional 159 kW to the original 702 kW will produce
an HGL temperature in the vicinity of 500 °C (930 °F). This result can be double-checked by re-
running the model with the modified input parameters.
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Propagating Uncertainty
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Figure 4-4. Distribution of HRR for an electrical cabinet fire.

1.0

Flame Height Distribution
0.8 -

FlL) = g(fd“‘ﬁ )= g(0:a

0.4 -

0.2 4

Probability Density Function

0.0

0.0 0.5 1.0 1.5 2.0 25 3.0
Flame Height (m)

Fire PRA Workshop 2013, Charlotte, NC S I/de77 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Electric Power Research Institute (EPRI)




P USNRC =PI | eseircr wsmmr

TORY COMMISSION
Protecting People and the Environment

@ ﬁgggﬁal = I tlsléjt:gzll-.lﬁTE ESS
EPRI/NRC-RES FIRE PRA
METHODOLOGY

Module 5

Advanced Fire Modeling
Day 2 - AM Session
Principles of Fire Behavior

Joint RES/EPRI Fire PRA Workshop
July and October 2013
Charlotte, NC

A Collaboration of U.S. NRC Office of Nuclear Regulatory Research (RES) & Electric Power Research Institute (EPRI)




Topics

» Stages / elements of enclosure fires

* [gnition and heat release
— CHRISTIFIRE

* Fire plumes and celiling jets

» Heat and smoke detection

« Structural response / damage
« Cable response / damage
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Stages of enclosure fires
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Stages of enclosure fires
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Figure 2-2 Stages of Compartment Fire
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I Stages of enclosure fires
Stage 1 - Fire plume / ceiling jet period
I
« Buoyant gases rise to ceiling in fire plume

* Ceiling jet spreads radially until confined
* Plume entrains surrounding air
* Temperature decays rapidly with height and radial

distance
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I Stages of enclosure fires
Stage 2 - Enclosure smoke filling period

* Period begins when ceiling jet reaches walls
 Period ends when smoke flows through vents
« Smoke layer fills due to entrainment / expansion

Fire PRA Workshop 2013, Charlotte, NC 7 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I Stages of enclosure fires
Stage 3 - Preflashover vented period
I

» Quasi-steady mass balance develops
« Smoke layer equilibrates at balance point

» Mass balance influenced by sizes, shapes and locations
of vents and by mechanical ventilation

* Mass balance influences energy/species balances

—_—
—
Fire PRA Workshop 201?, Char lotte, NC Sllde7 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




l Stages of enclosure fires
Stage 4 - Postflashover vented period

 Period begins when secondary fuels begin to ignite from
radiant exposure

 Post-flashover fires frequently become ventilation-limited,
with flames extending out of vents

» Underventilation affects smoke production

Fecinz:ulating = o ke

| i by
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Vent flow stages
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I Elements of enclosure fires

* Fire source

 Fire plume

« Ceiling jet Lo
» Upper gas layer

* Lower gas layer

* Vents / ventilation
* Boundaries

» Targets

o000 |
| ofoo |
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The fire source

* First item
— Ignition
— Growth rate
— Peak HRR
— Burning duration

« Secondary items
— Time to ignition
— Burning histories

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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I The fire plume

* Issues
— Entrainment (m as f(Q, z))

— Temperature (T, as f(Q, r, z))
— Wall / corner effects
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The ceiling jet

I
* Types

— Unconfined

— Confined
— Other (sloped, obstructed ...)
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I The ceiling jet

 Features
— Relatively thin layer beneath ceiling (~0.1H)
— Temperature, velocity decay as f(r)

* Analysis issues
— Patterns

— Target damage
— Fire detector operation
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I Hot gas layer

* [ssues
— Descent (filling) rate as f(t)
— Temperature and smoke concentrations
— Equilibrium position

C —
m,
le d(/) V ) u
1 dt
d(pV ),
2y dt
m,
€
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I Vents / ventilation systems

* Types
— Natural ventilation
« Wall openings
» Floor / ceiling openings
— Mechanical ventilation
 Injection
» Extraction

 Balanced

e [ssues

— Impact on temperature and
smoke conditions

[ [ =

|

4——— Clear height

=+ W R
L
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Vents / ventilation systems

I
* Types of mechanical ventilation systems

Injection
Extraction

Balanced

Recirculation

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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Boundaries

* Types
— Walls / ceiling / floor
— Columns / beams

e [sSSues

— Heat transfer
 Thermal inertia

— lIgnition / damage

— Stability
Fire PRA Workshop 2013, Charlotte, NC Sllde18 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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[
* Types

— People (moving targets)

Targets

— Fire protection devices
— Equipment / structure

* I[ssues
— Injury
— Activation / damage
— Operability

Fire PRA Workshop 2013, Charlotte, NC Sllde19 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Fire PRA Workshop 2013, Charlotte, NC

Elements of enclosure fires

DESIGN EXAMPLE PHYSICAL GEOMETRIC

ELEMENT TYPES ATTRIBUTES ATTRIBUTES

FUELS FINISHES MATERIALS LOCATIONS
FURNISHINGS | QUANTITIES DIMENSIONS

RELEASE RATES

BOUNDARIES | WALLS MATERIALS LOCATIONS
CEILINGS DIMENSIONS
FLOORS

TARGETS PEOPLE DAMAGE LOCATIONS
EQUIPMENT | CRITERIA DIMENSIONS
PRODUCTS

NATURAL DOORS STATUS LOCATIONS

VENTILATION [ WINDOWS ACT. PARAMETER | DIMENSIONS

MECHANICAL | INJECTION FLOW RATES LOCATIONS

VENTILATION [ EXTRACTION [ STATUS DIMENSIONS

BALANCED

ACT. PARAMETER
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Elements of enclosure fires
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1. Fuels {fumishings & finishes) 8. Qccupant 15. Discharge devices 1
2. Natural ventilation openings 9. Alarm initiating devices 16. Distribution system
3. Mechanical ventilation systems 10. Alarm indicating devices 17. Suppressant supply
4. Enclosure boundaries 11, Alarm system circuits 18. Smoke zones
5. Structural elements 12. Control panel 19. Smoke barriers
8. Operational elements 13. Power supply 20, Smoke-control systems
7. Egress path components 14, Detection devices 21. Smoke vents
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Fire scenario description

* Hazard development time scale

* Fire mitigation time scale
<t

* Objective: t

'i:'l::rlt

(Q}

Fire signature
release rate

Fire PRA Workshop 2013, Charlotte, NC
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Summary — elements of enclosure fires

* Analysis of enclosure fire dynamics requires consideration
of thermal sciences
— Heat transfer — ignition / boundary heat losses ...
— Fluid mechanics — plumes / vent flows ...
— Thermodynamics — Smoke layer / lower layer ...

* These features are embedded in computer-based fire
models

— Should understand the basics before using models (i.e., don'’t
treat computer models as black boxes)

Fire PRA Workshop 2013, Charlotte, NC Sllde23 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Ignition and heat release

I
* [gnition of liquids
— Thin films / pools / sprays / cascades
* |gnition of solids

— Thermally thin materials
— Thermally thick materials

» Heat release rates
— Heat release rate characterizations
— Experimental measurements / methods
— Data resources

Fire PRA Workshop 2013, Charlotte, NC Slld624 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Ignition of liquids

* |gnition of liquids is actually the
ignition of vapors rising from the
fuel surface

e Liquid vapor pressures are
typically expressed in terms of the
Clausius-Clapeyron equation

RT

In(P) = +C

vap

* [gnition occurs when there is a
flammable mixture of fuel vapor
and air at the location of a
competent ignition source

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling ’
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Ignition of liquids

I
« Combustible liquids are classified by flashpoint (FP)

— Flashpoint is the lowest temperature at which a flammable vapor /
air mixture exists at the fuel surface

* Flashpoints are measured in a number of different
standard test methods

— Open cup vs. closed cup

* DOT classifications are commonly used to distinguish the
volatility of liquid fuels
— Flammable liquids have FP <100 F
— Combustible liquids have FP > 100 F

Fire PRA Workshop 20 7?, Char lotte, NC Sllde26 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Ignition of liquids

* Thin films

— Thin films of liquids are typical in spill scenarios where a small
quantity of liquid spreads on floor

— At temperatures above the flashpoint of the liquid, a thin film can
be readily ignited

— At temperatures below the flashpoint of the liquid, the liquid
temperature must be raised to its flashpoint

* On heavy substrates, such as concrete floors, this can require
considerable energy input

« On porous substrates, such as carpet, wicking occurs

Fire PRA Workshop 2013, Charlotte, NC
ire orkshop , Charlotte, Slide 27
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Ignition of liquids

I
* Pools
— At temperatures above the flashpoint of the liquid, a pool can be
readily ignited
» Above the fire point, liquid will continue to burn
» Fire point typically a few degrees higher than FP
— At temperatures below flashpoint of the liquid, the liquid
temperature must be raised to its flashpoint

» Circulation patterns in pool can dissipate considerable heat from
localized ignition source

« A wick traps liquid, permitting localized ignition
— e.g., Hurricane lamp / porous lagging on pipes
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Ignition of liquids

I
« Sprays
— Pressurized leaks can cause the discharge of atomized sprays

— Such sprays are relatively easy to ignite, even if the liquid is
above its flashpoint

» This is due to high surface area / volume ratio of small droplets
* e.g., Oil burner

 Cascades

— Cascading liquids can have characteristics of thin films and
sprays,
« Difficult to generalize about ignition characteristics

Fire PRA Workshop 20 1?, Char lotte, NC S/Id629 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Ignition of solids

« Solid fuels pyrolyze or vaporize
under incident heat flux

— Combustible vapors released from the

fuel surface

* |gnition occurs when fuel vapors
form flammable mixture with air in
presence of ignition source near
fuel surface

» Concept of effective ignition
temperature is still widely used

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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Ignition of solids

[
* Thermally thin solid

— A material that develops a uniform temperature through its cross-
section under heating

* A material with a low Biot number

* Thermally thick solid
— A material that develops significant temperature gradients at the
fuel surface under heating

» A material that can be treated as a semi-infinite solid during the time
period of interest (i.e., ignition time)
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Ignition of solids

* Thermally thin solids — example
 Solution — Case 1

_ P&AT,  0.30kg/m*1.2kJ) / kg.K -(300—20)K

tlg N/ 2 — 3 .2 S
aq 0.90-35kW / m
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Ignition of solids

* Thermally thick solids

— For a constant net heat flux at fuel surface, the time to ignition can
be calculated as: 5
., |11,
s
— The net heat flux does not typically stay constant, even for a

constant radiative heat flux

» As the surface heats up, reradiation and convection from the surface
become increasingly important

net
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I
* Thermally thick solids

— Critical heat flux is the minimum heat flux that will cause ignition
within a prescribed exposure period

« 20 minutes is commonly used, but is arbitrary
— Time to ignition is then calculated as

Ignition of solids

. [ 1,-1, T [ 7rP
tig :—kpC N N/ = " N/
4 qinc B qcrit 4 qinc B qcriz‘

— TRP is “thermal response parameter” defined by Tewarson
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Ignition of solids

* Thermally thick solids — representative properties

Table 6-3. Critical Heat Flux and Thermal Response Parameters of Selected Materials
(Tewarson, 1995, @ SFPE. With permission.)

Material Critical Heat Thermal Response
Flux (CHF) Farameter (TRF)
(KWim? (kW-sec'*im?

Electrical Cables: Power

PVC/PVC 13-25 156-341

PE/PVC 15 221-244

PVC/PE 15 263

Silicone/PVC 19 212

Siliconefcrosslinked polyolefine 25-30 435457

EFPR (ethylene-propylene rubber/EPR) 20-23 467067

XLPE/XLPE 20-25 273-386

XLPE/EVA (ethyl-vinyl acetate) 12-22 442-503

XLPE/Neoprene 15 281

XLPO/XLPO 16-25 461-535

XLPO, PVF, (polyvinylidine fluoride )/ XLFPO 14-17 413-639

EFR/Chlorosulfonated PE 14-19 283416

EPR,FR 14-28 289448
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Ignition of solids

* Thermally thick solids — representative properties

Table 6-3. Critical Heat Flux and Thermal Response Parameters of Selected Materials
(Tewarson, 1995, @ SFPE. With permission.)

Material Critical Heat Thermal Response

Flux [CHF) Parameter (TRP)
(kW/m?) (kW-sec'*m?

Synthetic Materials

Polypropylene 15 193

Nylon 15 270

Polymethylmethacrylate (PMMA) 11 274

Polycarbonate 15 331

FPolycarbonate panel 16 420

Natural Materials

Wood (red oak) 10 134

Wood (Douglas fir) 10 138

Wood (Douglas firffire retardant, FR) 10 251

Corrugated paper (light) 10 152

Fire PRA Workshop 2013, Charlotte, NC
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Ignition of solids

* Thermally thick solids — example

— Arigid polyurethane foam insulation board has a thermal
inertia of 9.5x10* (kW/m2.K)?s and an effective ignition
temperature of 400°C.

— A wooden panel has a thermal inertial of 0.14 (kW/m?2.K)?s
and an effective ignition temperature of 300°C.

— Both materials have thermal absorptivities of 0.90.

— Each material is subjected to a constant net heat flux at the
surface of 30 kW/m?

— Estimate the time to ignition of each material

Fire PRA Workshop 20 7?, Char lotte, NC Sllde37 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Ignition of solids

* Thermally thick solids — example
« Solution

— PU foam
AT, T -4 :
_ mkpe g | 7-9.5%x107| 380 |
t, = B = 0.12s
4 | ag 4 30
— PW panel
2
7-0.14| 280
Ly = =90.6s
4 30
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Ignition of solids

B
* Thermally thick solids
— Governing material property for ignition is k,OC

» Low density materials heat up faster and ignite sooner than higher
density materials

— Need to select material properties from the literature with caution,
particularly for use in computer-based models such as FDS

 Effective material properties derived based on different assumptions
from those used in FDS

» Evaluation of authoritative material properties is an area of active
research currently sponsored by NIST

Fire PRA Workshop 20 7?, Char lotte, NC Sllde39 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




I Fire source issues

 First item
— Ignition
— Growth rate
— Peak HRR
— Burning duration

« Secondary items
— Time to ignition
— Burning histories

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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Design fire

* HRR as f(t) is termed the design fire

» Approaches to determining design fire:

— Knowledge of amount/type of combustibles
» Object assumed to ignite and burn at known rate
» Rate based on experimental data
— Knowledge of occupancy
« Little detailed data regarding specific fuels
» Design fire based on statistics / eng. judgment

Fire PRA Workshop 2013, Charlotte, NC Sllde41 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Design fire issues

B
» Target damage
— Target vulnerability vs exposure conditions

« Structural stability
— Fully developed post-flashover fire
— Relatively long time frame (~1/2 -3 hours)

» Occupant escape / firefighting response
— Developing fire
— Relatively short time frame (<~1/2 hour)

* No exact methodology or procedure
— Requires engineering judgment

Fire PRA Workshop 2013, Charlotte, NC Sllde42 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Factors controlling HRRs

* [gnition scenarios
— Ignition source magnitude
— Ignition source duration

* Fuel characteristics
— Type
— Quantity
— Orientation

* Enclosure effects

— Radiation enhancement
— Oxygen vitiation

Fire PRA Workshop 2013, Charlotte, NC Sllde43 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Mass burning rate

N/ q" 2
m =—(o/ms
L(g )

* LIQUIDS AT BOILING POINT

q”  Net heat flux to fuel surface q
L  Heat of gasification N Y
« HEAT OF GASIFICATION, L
— LiQuips: L=Ah, +C,(T,-T))
* (0.3 - 1.5 kJ/g typical)
— SOLIDS: EFFECTIVE PROPERTY
* (1- 5kdJ/g typical)
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Heat release rate

O =r"AANH

/4
M Mass loss rate per unit area
A Area of fuel that is burning
AH, Fuel heat of combustion I A

m

APPROX.HEATS OF COMBUSTION

FUEL AH, (kJ/g)
WOOD 15.0
POLYURETHANE 30.0
HEPTANE 44 .5

Fire PRA Workshop 2013, Charlotte, NC
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I Combustibility ratio (or HRP)

AH

Q':n-/l”AAHC:q-ﬂ Lc

- Representative values of (AH . / L)

Fuel Combustibility ratio
AH,/AH

Red oak (solid) 2.96

PVC (granular) 6.66

Nylon (granular) 13.10

PMMA (granular) 15.46

Methanol (liquid) 16.50

Polypropylene (granular) 21.37 t ottt

Polystyrene (granular) 23.04 v

Polyethylene (granular) 24.84 m

Styrene (liquid) 63.30

Heptane (liquid) 92.83
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I Phases of fire development

* Incipient

e Growth

* Fully developed
» Decay / burnout
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I Burning duration

* Heat released by fire (O = r O('t )dt

* Burnout approximation

O £
L, =t, —1 ~-—— <
b bo o Q é
max 1N}
%) \
<C \
L
] -
o \
t tho
TIME
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Fire growth characterization

* Power law
" =
. . ¢ ¢ ;Enrmgﬁgﬁm;dhbnam cartons | Wood pallets Cotton/polyester
Q _ Q ol Sl 1.5m (5 ft) high innerspring mattrass
0 Full mail bags
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| Furniture
. E tial i |
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t2 characterization

0=0, ti ,-Q'O=1055(kW),-a=%

g ng

Growth rate | ty (s) |o (KW/s?)

Slow 600 0.003
Medium 300 0.012
Fast 150 0.047
Ultrafast 75 0.188
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Fire growth characterization

I
« Example

 In the FMSNL fire test series, many of the tests were
conducted using a gas burner programmed to grow as a t-
squared fire to reach a HRR of 500 kW in 4 minutes, then
to maintain a constant HRR of 500 kW for another 6

minutes

— What does this HRR curve look like?

— How much energy is released during the growth phase?
— How much energy is released during the entire test?
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Fire growth characterization

e Exam ple FMSNL HRR example
600 T
|
1
500 :
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1
400 i
) 1
: /
= 300 / :
Y 1
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1
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HRR example — cabinet fire

Table G-1
Recommended HRR Values for Electrical Fires
o HRR Gamma Distribution Heat Rel Rat
Ignition Source kW (Btu/s) Edl ReledsSe hale

75th 98th a B

Vertical cabinets with qualified cable, fire limited to 69 2112 0.84 59.3 800

one cable bundle (65) 200 (0.83) (56.6) 700

Vertical cabinets with qualified cable, fire in more than 211° 702° 0.7 216 .ll \

one cable bundle (200) 665 (0.7) (204) GO0

Vertical cabinets with unqualified cable, fire limited to 90* 1.6 415 E— .IJ \

one cable bundle (85) (200) (1.6) (39.5) = 00 ll.r \

Vertical cabinets with unqualified cable, fire in more 232° 464 ° 2.6 67.8 E 400

than one cable bundle closed doors (220) (440) (2.6) (64.3) o ’.' \

Vertical cabinets with unqualified cable, fire in more 232° 1002 7 0.46 386 L 300

than one cable bundle open doors (220) (950) (0.45) (366) 200 j‘l \

Pumps (electrical fires) ® 69 211° 0.84 59.3 f \
(65) (200) (0.83) (56.6) 100

Motors ® 32 69 2.0 1.7 z’ \
(30) (65) (2.0) (11.1) 0 - Y Y Y T Y

) . 3 142 317 1.8 57.4 ]
Transient Combustibles (135) (300) (1.9) (53.7) L] GO0 1200 T':'Elif;ﬂ[ 5} 2400 30040 3600

HRR taken from Appendix G, NUREG/CR 6850 (EPRI 1011989)
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HRR example — cabinet fire

Table G-1
Recommended HRR Values for Electrical Fires
HRR T
Ignition Source kW (Btu/s) Gamma Distribution
75th | 98th o B
Vertical cabinets with qualified cable, fire limited to 69’ 211° 0.84 59.3
one cable bundle (65) (200) (0.83) (56.6)
Vertical cabinets with qualified cable, fire in more than 211°% 702° 07 216
one cable bundle (200) (665) (0.7) (204)
Vertical cabinets with unqualified cable, fire limited to 90* 211 ° 1.6 415
one cable bundle (85) (200) (1.6) (39.5)
_—

Vertical cabinets with unqualified cable, fire in more 232° 464 ° 2.6 67.8
than one cable bundle closed doors (220) (440) (2.8) (64.3)
Vertical cabinets with unqualified cable, fire in more 232° 10027 0.46 386
than one cable bundle open doors (220) (950) (0.45) (366)
e 69 211° 0.84 59.3
Pumps (electrical fires) (65) (200) (0.83) (56.6)
s 32 69 2.0 1.7
Motors (30) (65) (2.0) (11.1)
. . 3 142 317 1.8 57.4
Transient Combustibles (135) (300) (1.9) (53.7)

HRR (kW)

500
450
400
350
300
250
200
150
100

50

I“'"""_‘ CFAST
l \ FDS
| \\
/ \\

/ \\

Il \\

/ \
T T I\ T T

0 600 1200 1800 2400 3000 3600

HRR taken from Appendix G, NUREG/CR 6850 (EPRI 1011989)

Fire PRA Workshop 2013, Charlotte, NC

Module 5: Advanced Fire Modeling
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Secondary item ignition

* Factors
— Heat flux from primary fire
— Ease of ignition of target

* Point source estimate

q-” _ Xer
" 4aR’ cos(0)

4

e e - am T — — — = am e o e e = = = Ew Er — —

Hemisphere
Element arented
normal ta B
Flame
R
Fire PRA Workshop 2013, Charlotte, NC Slide 55 A Collaboration of U.S. NRC Office of Nuclear Regulatory

Module 5: Advanced Fire Modeling R Research (RES) & Electric Power Research Institute (EPRI)



I Secondary item ignition

* Ignition time estimates (constant heat flux)

— Thermally thick materials

I, —T

2
Ly = kac

ig

12

()

n

q

— Thermally thin materials

T —T

ig

o

ig

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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Summary

* Engineers need to specify design fires
— Judgment required
— Some data available - relatively sparse

* Design fire specified in terms of HRR(t)
— Simple case - incipient/growth/steady/decay
— Complex case - multiple stages pieced together

* Design fire drives consequence analysis
— Single most important / uncertain factor

Fire PRA Workshop 2013, Charlotte, NC Sllde57 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Cable Heat Release, Ignition, and Spread
in Tray Installations during Fire

(CHRISTIFIRE) Phase |

Kevin McGrattan, Andrew Lock, Nathan Marsh, Marc Nyden
National Institute of Standards and Technology
Gaithersburg, Maryland, USA

David Stroup and Jason Dreisbach
U.S. Nuclear Regulatory Commission
Washington, D.C., USA
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I What’s the Problem?

Answer: Very little useful information on cables for fire modeling

Effectiveness of Wraps?

—

—

Tray to Tray Spread?

Ignition?
Horizontal

Spread Rate?

Vertical Spre;d Rate’._?_

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling




Current Guidance for Modeling Cables

EPRI 1011989 NUREG/CR-6850
Final Report

EPRI/NRC-RES

Fire PRA Methodology for Nuclear
Power Facilities

Volume 2: Detailed Methodology

Electric Power Research Institute
3420 Hillview Avenue
Palo Alro, CA 94303

SR | i N

Problems going from
“bench” to full-scale

e -
Bench Scale HRR Values Under a Heat Flux of 60 kW/m?, q,, [R-4]

Material Bench Scalze HRR
[kW/m?]
XPE/FRXPE 475
XPE/Necprene 354
XPE/Neoprene 302
XPE/XPE 178
PE/PVC (395 )
PE/PVC 359
PE/PVC 312
PE/PVC (589 )
PE, Nylon/PVC, Nylon 231
PE, Nylon/PVC, Nylon 218

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling

Which HRR to Use?

A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)



I Current Guidance on Flame Spread

4 q " 5 Vague or ill-defined parameters
](‘

N——"
' | . 2
ﬂ(km ) T mb Cable tray

a
_> 1
35° 35° Z;
: : \
n - I \\ : E \Y// - e e om owm - — . - - {-
: : Cable tray
n= | \ : i / stack
\i]h / %,
n= | MM / |
! 1
! 1
Ignition
Source
Characteristic )
length Based on only one experiment
Fire PRA Workshop 2013, Charlotte, NC S/Id661 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Cables used in CHRISTIFIRE

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling

A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Thermoplastic cables
tend to melt and drip;
Electrical failure ~200 °C

Thermoset cables tend
to char and smolder;
Electrical failure ~400 °C

Fire PRA Workshop 2013, Charlotte, NC S/Id963 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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1000 T—r——
' - Bumner Off Multiple Tray Test 8
—~ 800 A
=
2
O —— HRR (O, cal.) .
ch 600 - —— HRR (mass loss) [ | ThermoplaSth Cable
]
3
o 400
%
5
Q
T 200 o
. ray
i Tray 3
' Tray 4
O T T il T T T -
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Time (s)
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e—S 0SS L CEDIE

200 ! i !
. _Burner Multiple Tray Test 12
Tray 1 Off

— Tray 2~ Tray 3
= 150 - -
X4
o —— HRR (O, cal.)
< —— HRR (mass loss
S ( )
2 100
<
L
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o
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<
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0 300 600 900 1200 1500 1800
Time (s)
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E Comparison of Thermoset and Thermoplastic Cable HRR
1000
g 800
-
—
g
52 600
5 —— Thermoplastic
§ —— Thermoset
< 400
a7
=
S
D]
T 200
0 T ! T T i -“‘“'rMM —
0 900 1800 2700 3600 4500 5400
Time (s)
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Results of Radiant Panel Experiments

~
S
-

W

)

)
1

Cable #16

Cable #367 ThermoplaStiCS

—&— C(able #43
200 H{ —®— Cable#46

Cable #271 ><:

[ ]
—@— Cable #701 \ /.
—8— Cable #700 /‘/

.\ \

Heat Release Rate Per Unit Area (kW/mz)

Cable #11
—e— Cable #219 /‘ Thermosets
—8— Cable #220 \ "
100 4 —e— Cable #23 —=o
—e— Cable #270 V
0 T T T
0 10 20 30 40
2
External Heat Flux (kW/m")
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Modeling

The Easy Way

Multiple Tray Test 17
Time 45:00

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling

The Hard Way




Multiple Tray Test 17
Time 15:00

Multiple Tray Test 17
Time 45:00

Multiple Tray Test 17
Time 75:00

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling

Multiple Tray Test 17
Time 30:00

Multiple Tray Test 17
Time 60:00

Multiple Tray Test 17
Time 90:00

FLASH-CAT

Flame Spread over
Horizontal Cable
Trays

Required Data
Cable mass/length
Non-metal mass fraction

Ignition
5-4-3-2-1 minute rule
Upward Spread
35° spread angle
Burning Rate
250 kW/m? thermoplastics
150 kW/m? thermosets
Lateral Spread
3.2 m/h thermoplastics
1.1 m/h thermosets
Heat of Combustion
16 MJ/kg for all

A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)



3000

Multiple Tray Test 17

— Exp
— Model

: - 3000
Multiple Tray Test 2 ——— Model
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S g 200
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3 3
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ire Dynamics
Simulator (FDS)

T w 700 T ‘
Cable 11, Insulator, Test 3 Cable 701, Jacket, Test 3
I Reaction 1 1 600 Reaction 1 b
Yo=006  A=1.32e+016 s~ ! \ Yy=0.66 A=1.88e+010 s~
Tp=360 °C E=50.2 keal/mol i 500 T,=310 °C E=31.0 kcal/mol
%=35 W/g i | e=156W/g |
Reaction 2 | o0 Reaction 2
Yo=091  A=7.28e+020 5! f S 400F  ¥,=0.34  A—9.206+006 s~1 |
Tp=485 °C  E=76.4 keal/mol h E T:=460 °C E=28.6 kcal/mol
gp=564 W/g ! g,=4T7 W/g
Reaction 3 E 3007 Aﬁ:=17'959 J/g |
Y=003  A=5.95e+031 5! 1 =022
Tp=425 °C  E=104.6 kcal/mol 200 T ]
=30 W/g
AH=26774 J/g ] | i
=006 \ 100 e
100 200 300 400 500 600 0 . : .
0 100 200 300 400 500 600

Temperature (°C) Temperature (°C)

rrrrr

e
a
A
ol
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Vertical cable fire spread
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Hallway Tests
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l'l ."1'
i 7/
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The spread rate of a fire can be estimated from:
« 1IN\ 2
(gf )* &
2
It (kpc) (Tign o Too)

UV

If the cables are located within the Hot Gas Layer (HGL),

the spread rate could increase by a factor of 10.
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Results of CHRISTIFIRE Phase 2

Average heat release rates for thermoplastic and
thermoset cables are consistent with Phase 1 experiments
and FLASH-CAT modeling.

Fire spread rates are roughly a factor of 10 greater for
multiple vertical trays or horizontal trays close to ceilings
(or within the hot gas layer).

Fire PRA Workshop 207:_3, Char /Ott_e, NC Sllde80 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




CHRISTIFIRE Report, NUREG/CR-7010

kevin.mcgrattan@nist.gov
david.stroup@nrc.gov
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Fire plumes and ceiling jets

B
 Describe fire plume and ceiling jet phenomena

* Discuss the theory behind fire plume correlations

» Appreciate the role of plume entrainment on fire
conditions within an enclosure

« Calculate fire plume and ceiling jet conditions, including
temperatures and velocities, for different correlations

Fire PRA Workshop 20 7?, Char lotte, NC Slld682 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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References - fire plumes

* Enclosure Fire Dynamics
— Chapter 4 - Fire plumes and flame heights

« SFPE Handbook

— Chapter on Flame Height
— Chapter on Fire Plumes

Fire PRA Workshop 2013, Charlotte, NC Sllde83 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I Fire plume issues

* Transports combustion products
/ entrained air vertically to
ceiling

« Causes formation and descent
of smoke layer

 Elevated temperatures and
velocities expose targets located

In plume
Fire PRA Workshop 2013, Charlotte, NC 7 S Ilde84 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I Fire plume topics

* Types of plumes |
- Flame heights
* Flame/plume temperatures |
e Entrainment in fire plumes

» Gas velocities in fire plumes

Fire PRA Workshop 2013, Charlotte, NC {7 S Ilde85 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I Types of fire plumes

* Axisymmetric plumes |
- Line plumes
* Window plumes

* Balcony spill plumes
* Other ...

Fire PRA Workshop 2013, Charlotte, NC 7 S Ilde86 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I Axisymmetric fire plumes

* Correlations
— Morton-Taylor-Turner (ideal)
— ZukoskKi
— Heskestad
— McCaffrey
— Alpert
— Alpert & Ward
— Thomas

Fire PRA Workshop 2013, Charlotte, NC A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling ' Research (RES) & Electric Power Research Institute (EPRI)




Flame height correlation

 Heskestad correlation

Z,=0.230°-1.02D

/

S/ 2/5
—-=370%*" —-1.02
7 Q

Fire PRA Workshop 2013, Charlotte, NC Sllde88 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I
« McCaffrey correlation

Flame height correlation

— Continuous flame

. ~2/5 INTERMITTENT
/ fo — 008Q | REGION

— Intermittent flame

CONTINUOUS
REGION

Z,=0200"
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The Heskestad plume

* Plume width

b,, =0.12 77:0(2—20) b, =~1.1b,,

o0

* Plume centerline velocity

. 1/3 . 1/3
_ 0.-g 1/3 0.
u, =34 (z—=z,) " =1.03] ——
P, 1, z—z,
Fire PRA Workshop 2013, Charlotte, NC SlldeQO A Collaboration of U.S. NRC Office of Nuclear Regulatory
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The Heskestad plume

» Gaussian temperature / velocity profiles
— Temperature

AT = AT, exp(— (R/GAT)Z)

o =1.2b,,
— Velocity

U=u, exp(— (R/Gu)z)
o, =1.2b,

Fire PRA Workshop 20 1?, Chaf/Ottf?, NC S/Id991 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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The Heskestad plume

 Plume entrainment
— Effective flame height

. N2/5
z, =z, +0.1660:
— Flame region (z< z))

i, =0.00540,z/ z,

— Plume region (z > z))

i, =0.0710°(z-z, )*"> +0.00180,

Fire PRA Workshop 2013, Charlotte, NC S/Id692 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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The Heskestad plume

* Plume centerline temperature

— Continuous flame region AT ~ 9OOOC

— Plume region

2/3

: 32/3

Ay gy & (z-2,)"" ~0.085 & S
T Jego.e,T. (z-z,)

“2/3
AT =25 O

0 (Z z ) 5/3
o
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The McCaffrey plume

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling

* Plume entrainment
— Continuous flame region

— Intermittent flame region

— Plume region

I’i’l 0.566

/ z

Q.P =0.011 5

]’i’l 0.909
Q.p’ = 0.026 Qf/s

I’h 1.895
Pl 0.124] —

A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)



The McCaffrey plume

. t t 2 27-1
Plume temperature AT ) , 7

K
- N2/5
T 0.942¢ )\ O
— Continuous flame region

K=6.8n=1/2 AT, =867°C

— Intermittent flame region

~N2/5
K =1.9:7=0 AT =682

— Plume region

~2/3
k=1.1n=-1/3 AT, =23€

Fire PRA Workshop 2013, Charlotte, NC &
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The Alpert plume

* Plume velocity / temperature
- . 1/3

B ¢ Q’2/3
u,, =0.95 AT, = 169?

— Based on total theoretical HRR
— Used in DETACT model

Fire PRA Workshop 2013, Charlotte, NC S/Id996 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Fire location factors

» Multiply HRR by fire location factor
— Fires in the open: k; =1
— Fires along walls: k; =2
— Firesin corners: k;=4

-/
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Fire plume - example

* In the FMSNL fire test series, the room height was 6.1 m
and the burner was 0.1 m above the floor

* For many tests, the fire HRR was 500 kW and the burner
diameter was 0.9 m

* What would be the plume centerline temperature rise and
velocity at the ceiling based on the Heskestad plume
correlation?

Fire PRA Workshop 20 7?, Char lotte, NC S/Id698 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Fire plume - example

 Solution — plume temperature
— First calculate the virtual origin elevation

z, =0.0830*° —1.02D = 0.083(500)*° —1.02(0.9)
=0.08

— Then calculate the plume centerline temp rise

Q 2/3 ( 3 5 O) 2/3
AT =25 d =25
~~/ —
O 5/3 6 O O 8 5/3
(z—2z,) (6—0.08)
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Fire plume - example

 Solution — plume velocity

1/3 1/3

u =103 L | —1.03 2
z—z, 6—-0.08

=4.0m/s
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Enclosure smoke filling

e The ASET model
av,  dz

A u
dt dt

:Vpl+

 Analytical solutions
— Expansion negligible
— Leak at ceiling only
dv,
dt

dz, _
dt

= A

Vo

P

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling

Vexp
cXp .
ZU
H
Z)
Vo
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Smoke management (purge)

» Extraction method

ext
av, = : I
=0=V -V
d t u,in u,out V V
Z, pl + exp
I/u in 7 pl I/exp .
pl
V V ;
u,out ' ext
Z
I/ext — 7 pl I/exp Vo
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Smoke management (purge)

« Smoke layer temperature

ext
A T . Q net I
mc » Z, Vp ;T Vexp
Qnet o pocpT;)I/eXp I
. ° Vpl
m=pV H
O 1n
AT V. V ;
__Texp U exp |
r, V., V, o
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Summary - fire plumes

* Plume important for number of reasons
— Temperatures/velocities/heat fluxes at targets
— Smoke layer filling / exhaust rates
— Smoke concentrations

* Correlations available for some scenarios
— Axisymmetric / line plumes
— Windows / balconies (limited theory / data)
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Summary - fire plumes

« Limited/no correlations for other scenarios
— 3D fuel sources (e.g., racks, sprays ...)
— Obstructions in plume / flow field
— Sloped / stepped ceilings
— Wind / mechanical ventilation

* Field models can address scenarios where correlations
are inappropriate
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I Ceiling jet topics

» Unconfined ceiling jets
 Confined ceiling jets

* Ceiling jet correlations
— Temperature

— Velocity

Fire PRA Workshop 2013, Charlotte, NC {7 S Ilde106 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I References — ceiling jets

* SFPE Handbook
— Chapter on Ceiling Jet Flows

* “Fire Plumes and Ceiling Jets”
— C. Beyler
— Fire Safety Journal
— Vol. 11, 1986
— pp. 93-75

FIRE
SAFETY
JOURNAL

Fire PRA Workshop 2013, Charlotte, NC
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Unconfined ceiling jets
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Confined ceiling jets
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Unconfined ceiling jet

 Temperature correlations
— Alpert
AT, 0.32 0>

ATpl — (R/H)2/3 ATpl :169

— Alpert and Ward

AT, 031 0"
ATZ (R/H)m p

D
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Unconfined ceiling jet

 Temperature correlations
— Heskestad and Delichatsios

AT - 0.11 U Q’2/3
(0.188+0.313R/H)"" o=

Fire PRA Workshop 2013, Charlotte, NC Sllde111 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Temperature correlations

Unconfined ceiling jet

JX m— A pert
| —A & W

1
8
6
4 m—H & D
2
0

Cooper
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Temperature correlations

Unconfined ceiling jet

m— A |pert
m—A & W

m—H & D
\'—————— Cooper
0O 1 2 3 4 5 6 7 8 9 10
R/H

Fire PRA Workshop 2013, Charlotte, NC Sllde113 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Confined ceiling jet

 Temperature correlation

— Delichatsios

g

AT,

P

=0.37

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling

Ll
W

1/3
exp
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Ceiling jet temperatures

Confined ceiling jet

¢ H/W=05

= HW=1.0

HW = 1.5

H/W = 2.0

| X H/W = 2.5

o 1 2 3 4 5 6 7 8 9 10
—e— Unconfined
L/H
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Unconfined ceiling jet

* Velocity correlations

~ Alpert u 0.2

w  (RIH)

(0]

— Heskestad and Delichatsios

u 0.18
u  (R/H)"(0.188+0.313R/H)*"

0
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Confined ceiling jet

* Velocity correlation
— Delichatsios
U 0.27

u (W H)"

0

— Note that according to this correlation the velocity does not
change as the flow moves down the corridor

Fire PRA Workshop 2013, Charlotte, NC Sllde117 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Ceiling jet velocities

Ceiling jet velocity correlations
1
Alpert
Delichatsios
Fire PRA Workshop 2013, Charlotte, NC Sllde118 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Ceiling jet - example

* In the FMSNL enclosure, what would be the ceiling jet
temperature and velocity at a radial distance of 3.0 m (10
ft) from the plume centerline for a HRR of 500 kW?

Fire PRA Workshop 2013, Charlotte, NC Sllde119 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Ceiling jet - example

« Solution
— RIH=3.0/6.0=0.5
— Temperature rise

AT, 031 0 46 AT, =0.49AT ,
AT, (R/H)® =0.49(64) =32

pl

— Velocity

u 0.2 u=0.36u,

= —=0.36
u  (R/H) =0.36(4)=1.44m/s

o
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Summary - ceiling jets

* Celling jets form when buoyant plume gases are trapped

beneath ceiling

« Temperature / velocity correlations exist for some

conditions

— Unconfined, horizontal, smooth ceiling

— Confined, horizontal, smooth ceiling

* For other conditions, field model needed

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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Fire plume / ceiling jet summary

* Fire plumes and ceiling jets are important aspects of
enclosure fire dynamics

* Temperature, velocity and entrainment correlations exist

for a few idealized geometries

— These correlations are used for hand calculations and in zone
models

 Fire plume / ceiling jet flows are calculated directly in field
models such as FDS

Fire PRA Workshop 2013, Charlotte, NC Sllde122 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Heat and smoke detection

» Understand terminology used to describe the activation of
fire detection devices

» Appreciate the role of different variables in estimating fire
detector activation and structural damage times

« Calculate the response of fire detectors to fire plume and
ceiling jet conditions

Fire PRA Workshop 20 7?, Char lotte, NC Sllde123 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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References - detection

* Enclosure Fire Dynamics
— Chapter 4 - Fire plumes and ceiling jets

« SFPE Handbook

— Chapter on Fire plumes
— Chapter on Ceiling jet flows
— Chapter on Design of detection systems

Fire PRA Workshop 2013, Charlotte, NC Sllde124 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I Overview of methods to predict
heat / smoke detector activation

* |dealized geometry — smooth flat ceiling

L

7777 . TII7777
Fire PRA Workshop 201?, Charlott_e, nc S Ilde125 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I Overview of methods to predict
heat / smoke detector activation

 Realistic geometry — obstructed ceiling

- r
7 PP LI, 2% 770
. Hr.rJ
€ ece| eea] /:::f.,.—/
\I—-"_‘ ———/
A\ e _//
-
fﬁc
)
L
77777 . TIIIIT7
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I Overview of methods to predict
heat / smoke detector activation

« Step 1. Specify heat/smoke release rates

- r
/ l//l;}f‘: { " lllllll f/zf . '] l/rf
A ‘1.7"
i ol | /-\_/ S
Step 1 -)
L
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I Overview of methods to predict
heat / smoke detector activation

» Step 2. Calculate temperature / smoke concentration

outside detector

i ~r’
-/ Temperature / smoke

-
N 2
—— Smoke
e \ transport /
dilution
)

Step 1

Step 2 - K

Smoke/
heat
source

i.

/.
)

Q

S

Fire PRA Workshop 2013, Charlotte, NC

Module 5: Advanced Fire Modeling

— . concentration / velocity

outside detector
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I Overview of methods to predict
heat / smoke detector activation

» Step 3. Calculate detector response to local
environmental conditions

- r

A ' : .-
g — Smoke > Temperature / smoke
N transport / = oncentration / velocity
\ \ dilution : _// outside detector
Step 1 ™ / B
!
| ; !
Step 2 H \ Detector temperatgre /
\ ) smoke concentration
Step 3 Smoke/ ‘
heat d Detection activation
source criteria (e.qg.,
v %\ temperature, %/m)
Fire PRA Workshop 2013, Charlotte, NC Sllde129 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I The DETACT model

* A first order response model for predicting fire detector
activation based on convective heating and a lumped
capacity analysis

Fire PRA Workshop 2013, Charlotte, NC S Ilde130 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Bases

 Heat balance at detector qabs — qin - qOut

- Convective heating only q;, =h.A(T,-T,)
dT,

 Lumped capacity analysis g, =mc —=

7odt

- Negligible losses (basic model) ¢, . ~0

Fire PRA Workshop 2013, Charlotte, NC Sllde131 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Electric Power Research Institute (EPRI)




Solution

 Predictive equation for temperature rise

T, -T
ar, A4, (Tg_Td):( c 1)

dt mce, T

» Definition of detector time constant

mcp

hC AS

T =

— Time constant not really constant because it depends on heat
transfer coefficient, which depends on gas velocity

Fire PRA Workshop 2013, Charlotte, NC Sllde132 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Response Time Index

« For cylinders in cross flow h, ~ 1/

« Implications T~ 1/1/ T\ U, =const
» Definition of RTI RTI =71 /ug

 Predictive equation

dT,
dr

RT] (T 1)

Fire PRA Workshop 20 1?, Chaf/Ottf?, NC Sllde133 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I RTI determination (1)

* Plunge test

— T, = constant y
Heat Mixing Test

plenum tube sprinkler

— Uy = constant

Screens Test
section

— T, = known

 Analytical solution

AT, e wct l_e—tam/uo/RTI
g g
Fire PRA Workshop 207?, Chaf/Oﬁf?, nc S Ilde134 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Plunge test

ATd/ATg

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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I DETACT formulation

* Euler equation for T
(t+A) ()
T, =1, +

 Substitute equation for dT ,/dt

dr,
dt

At

(2)

u
T80 - ;] (Tg(’) 7,0 )At

» Evaluation requires RTI, T,(t) and ug(t)
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Detector activation

» Fixed temperature devices 1,>1,.,=t,
. . dr, dT,
» Rate-of-rise devices — &> =t

dt dt act

— Typical value of dT,/dt: 8.3°C (15 °F) /min

act
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Sprinkler activation

» Generic sprinkler temperature ratings
— From NUREG 1805

Table 10-2. Generic Sprinkler Temperature Rating (T ., .600)
Temperature Classification Range of Temperature Ratings Generic Temperature Ratings
°C (°F) °C (°F)

Ordinary 57-77 (135-170) 74 (165)

Intermediate 79-107 (175-225) 100(212)

High 121-149 (250-300) 135 (275)

Extra high 163-191 (325-375) 177 (350)

Very extra high 204-246 (400-475) 232 (450)

Ultra high 260-302 (500-575) 288 (550)

Ultra high 343 (650) 288 (550)
Fire PRA Workshop 201?; Char /Ottf?: NC Sllde138 A Collaboration of U.S. N_RC Office of Nuclear Rggulatory
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Sprinkler activation

» Generic sprinkler RTls
— From NUREG 1805

Table 10-3. Generic Sprinkler Response Time Index (RTI)

Common Sprinkler Type Generic Response Time Index
RTI
(m-sec)”

Standard response bulb 235

Standard response link 130

Quick response bulb 42

Quick response link 34
Fire PRA Workshop 2013, Charlotte, NC Sllde139 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




Heat detector activation

* Generic heat detector RTls

— From NFPA 72

UL AllFM

Listed UL Listed Activation Temperature Listed

Spacing Temps.
128°F 135°F 145°F 160°F 170°F 196°F

(ft/m) (53°C) (57°C) (63°C) (71°C) (77°C) (91°C)

10/3.1 894/494 | 738/408 | 586/324 | 436/241 | 358/198 | 217/120 | 436/241

15/4.6 559/309 | 425/235 | 349/193 | 246/136 | 199/110 101/56 246/136

20/6.1 369/204 | 302/167 | 235/130 157/87 116/64 38/21 157/87

25/7.6 277/153 | 224/124 174/96 107/59 72/40 107/59

30/9.2 212/117 179/99 136/75 81/45 49/27 --- 81/45

40/12.2 159/88 128/71 92/51 40/22 ---

50/15.3 132/73 98/54 67/37 --- ---

70/21.4 81/45 54/30 20/11 --- --- ---

Notes: 1. RTIs are shown in (ft-s)%’5_.-"'(111-3)1-";2

Fire PRA Workshop 2013, Charlotte, NC

A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Gas parameters - T, u

* Alpert correlation used in DETACT model (unconfined

ceiling jet)
— Temperature

AT, ,

AT

g,q _

0.3

AT

g

(V/H)2/3

,pl

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling

Velocity

12
H

1/3

Uy 0.2

o (V/H)5/6

ug,pl
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Sprinkler activation example

* Assume sprinklers are installed on a 3m x 3m (10 ft
x 10 ft) spacing in the FMSNL test room

* The FMSNL test room is 18 m (60 ft) long x 12 m
(40 ft) wide x 6 m (20 ft) high

* For a quasi-steady fire with a HRR of 500 kW,
estimate the activation time for a sprinkler with
~T,.=74C
— RTI =130 (m-s)'?

Fire PRA Workshop 20 7?, Char lotte, NC Sllde142 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Sprinkler activation example

« Solution
— Step 1 — determine radial position of sprinkler
2 2 R 2.1
R:\/S +5 S 3 —2 1m = =0.35

H 6.0

2 2 2

— Step 2 — calculate gas temperature / velocity at sprinkler

Q‘2/3 Q I3
H ’ H
0.3
I, ;= I H 5 AT, =33C U .= 0.2 u,  ,=2.1m/s
) 7 ’ g 5/6 g.pl T <"
( ) &£.9 ( 7 / H) g,p
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Sprinkler activation example

N
* Solution
— Step 3 — Calculate sprinkler response

— The next step would normally be to calculate the activation time of
the sprinkler

— But note that the gas temperature at the sprinkler is only 53 C
(20+33) for this example, while the sprinkler activation
temperature is 74 C

— So the 500 kW fire would not activate the sprinkler until the hot
gas layer forms and the ceiling jet temperature exceeds the
activation temperature

Fire PRA Workshop 20 7?, Char lotte, NC Sllde144 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Conduction effects

 Not significant for spot heat detectors, but may be
significant for sprinklers

» Heat balance with losses to sprinkler pipe
dr,
P dt
— Last term accounts for heat losses
« Conductance factor, C, defined as

C=C"-RTI /(mc,)

me, < =h A, -T,)-C(I,-T,)
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Conduction effects

 Predictive equations

dT, .

T -T
dt RT]( ) RT]( )
dAT, U,

AT, AT
dt  RTI [ \/Z J ¢

— Values of C typically range from ~0 to 2 (m/s)"?
— Note that basic predictive equation obtained when C =0
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Transport lag time

I
« Basic DETACT model is quasi-steady

— Changes in conditions transmit instantly throughout the domain

» Can consider plume / ceiling jet transport lag times when
they are significant

Fire PRA Workshop 2013, Charlotte, NC Sllde147 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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I
» Heat detector analogy

— Treat smoke detector as low RTI device
« Cannot use zero - Divide by zero error
* Hand calculations - use T, =T,

— Assume AT, ~ 15°C (or less)

— Questions regarding validity
* Relies on optical density analogy
» Smoke detectors don’t always respond to optical density

Smoke detector activation

Fire PRA Workshop 20 1?, Chaf/Ottf?, NC Sllde148 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Smoke detector activation

* OQverview
- r
N y . 7 o
Smoke /‘H -
— l transport / > | Smoke concentration
\----\ dilution I / — . outside detector
Step 1 h\l ‘ l
) Smoke concentration
Steo 2 H K within detector
Step 3 Detection threshold
criteria (e.g. %/m)
L v
Fire PRA Workshop 2013, Charlotte, NC Sllde149 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




Smoke detector activation

* Smoke concentration in detector chamber, Y,
— Cleary’s four-parameter model

al, _Lu=d )=k o, =au’;f =au”
dt o,
— Heskestad's one-parameter model
dy, _Y.()-Y,(t) 5 =Llu
dt o,

 u is the local gas velocity outside the detector
L is the characteristic entry length of the detector

Fire PRA Workshop 2013, Charlotte, NC " Slide 150 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Smoke detector activation

* Smoke concentration in detector chamber, Y,

Smoke detector response models
Step function example

1.2

’ / / —vs

% 0.6 —Yc (Hesk)

> / / —Yc (Cleary)
0.4

0 1 2 3 4 5
t/te; titc
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Smoke detector activation

 Relationship between smoke concentration and
smoke obscuration

— Smoke concentration expressed as soot mass fraction, Y
— Extinction coefficient, k, expressed in terms of Y

k=k pY k =8700m”/kg
— Transmission (%/m) expressed in terms of k
trans(%/m)=100(1/1,) =100exp(—k(1m))

— Obscuration (%/m) expressed in terms of transmission

obs(% / m) =100 —trans(% /m) =100(1 — exp(—k(1m)))
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Structural steel damage

« Same concept as DETACT for steel
dT q.l‘AS q.t q.t

it pVe, ) pc,(V/A4) ¢, (W/D)
» Steel properties

pc, = 3,660(kJ/ m K)

4 Ccross — sec tion

A heated perimeter

S

W Weight | length
D heated perimeter
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Structural damage

I
» Steel critical temperature, T, = 550°C

e Evaluation of heat fluxes

— Flame radl.ant heat flux q _ 16OkW/m2
 Applies in flame only d

(k,0)

— Plume convective heat flux q =073 .
C
» Applies in flame and plume H
— Radiant flux outside flame G = X9
 Point source estimate " AR’
— Based on Alpert & Ward FSJ article
Fire PRA Workshop 2013, Charlotte, NC Sllde154 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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CAROLFIRE
(Cable Response to Live Fire)

* Penlight heats target cables via
grey-body radiation from a
heated shroud

* Well controlled, well
instrumented tests

 Allows for many experiments in a
short time

» Thermal response and failure for
single cables and small cable
bundles (up to six cables)

» Cable trays, air drops, conduits
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Typical Penlight setup
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Intermediate-Scale Tests
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* Less controlled, but a more realistic scale

» Hood is roughly the size of a typical
ASTM E 603 type room fire test facility

* Propene (Propylene) burner fire (200 kW to 350 kW)

» Cables in trays, conduits and air drop
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Simple Response Models in Fire

dT]

B dY. _ Y(t) = Yo(r)
=Y

dt L/ua

Solve for link temperature using velocity u and gas Solve for smoke chamber concentration
temperature from Fire Model. The RTI (Response Time : .
. . , using external smoke concentration and

Index) is unique to each sprinkler.
Source: Gunnar Heskestad, Factory Mutual velocity u from Fire Model. Lis a length

scale unique to each detector.
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Cable Failure Model

1-D heat conduction into homogenous

0, Cs % _ ﬁ J (}ﬁTv) cylinder. Thermal conductivity (k) and
ot r or or specific heat (c) assumed constant for all
cables. Density (p) obtained from cable
diameter and mass per unit length. Failure
k aTS Y/, 7, temperature obtained experimentally.
o S? - qC =+ qr
The Fire Model provides the convective and
radiative heat flux at the cable surface.
Source: Andersson and Van Hees, SP Fire,
Sweden.
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Single Cable
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Cable in a Conduit

Shroud

Conduit
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Intermediate-Scale Experiments
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Summary

* Methods to calculate fire detector response and structural
/ cable damage have been discussed

— First-order response characteristics

— Lumped capacity analysis (Low Biot No.)

* Methods require estimates for:
— Heat flux or gas temperature at target

— Thermal response properties of target

« Basic models use fire plume/ceiling jet correlations

— Same predictive equations used in computer fire models, but
temperatures / velocities calculated by models
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Enclosure fire topics

« Conservation equations and the hot gas layer

* Enclosure smoke filling

* Pressure profiles and vent flows

* Mechanical ventilation effects

* Hot gas layer temperature correlations/calculations
« Smoke concentrations and visibility

* Overview of FDS
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References — enclosure fires

« SFPE Handbook
— Chapter on “Compartment Fire Modeling”
— Chapter on “Estimating Temperatures ...”
— Chapter on “Enclosure Smoke Filling ...”

* Enclosure Fire Dynamics book
— Chapter 8 - Conservation equations ...
— Chapter 6 - Gas temperatures ...
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I Conservation equations

» Mass conservation

» Species conservation

* Energy conservation
 Momentum conservation
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I Mass conservation

{mass accumulated} = {mass in} - {mass out}

dm _d(pV) _
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I Energy conservation

{energy accumulated} = {energy in} - {energy out} +
{energy generated}

d—U — d(puV) — mihz’ o moho _Pd—V_I_ Qnet

dt dt dt
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I Species conservation

{species accumulated} = {species in} - {species out} +
{species generated}

dm, _d(pY,V')

S

dt dt

— ms,i _ms,o +a)s
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Momentum conservation

« Bernoulli’'s equation

2 2
P
—Pl +—V1 +z,8=—32 +V2

P2 p, 2

+zZ,g

— Applied at vents only in zone models
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Summary — control volumes

* Enclosure fire models are based on application of
conservation equations to control volumes
— Zone models - typically two control volumes
» Upper (hot gas / smoke) layer / lower layer
« Momentum considered only at vents
— Field models — thousands or millions of cells
» Conservation equations applied to each cell
— Computationally intensive
 Momentum considered for each cell
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Thermodynamic properties

U _

dt net_W

* Internal energy
- Enthalpy (specificy A =u+ P/ p
* Specific heats C, = d_T C, = d—T

- Ideal gas law P=pRT R=c,—c
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Temperature effects

» Leaky compartment analysis
— Mass balance (assume no mass inflow)

q = 2V _ _,dp

‘ dt dt

— Quasi-steady energy balance

: : —d(pV) —dp
=m h = C T: C TV
Qnet e e dt p dt p
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Temperature effects

» Leaky compartment analysis
— ldeal gas (constant pressure)

dp  p1,dT
dt T dt

— Substitute and integrate

td Qdt
;T j(panT V) —p£Q “
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Temperature effects

» Leaky compartment analysis
— Solution for average temperature rise

z Ql’l 3.5

= exp
Ta on 3.0 /
2.5 /
15 /
—=exp —1 P
Ta on 1.0 /

ATIT,
N
o

0.0 T T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50
Qnet/Qo,p
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Temperature effects

» Leaky compartment analysis

— Example - average temperature rise

* A fire with a constant HRR of 500 kW burns for 10 minutes in an
enclosure with a heat loss fraction of 0.7 and dimensions of 18.3 m x
12.2 m x 6.1 m. What is average temperature rise after 10 minutes?

O =(500kJ /s)(6005)(1—0.7) = 90,000 kJ

0, =353k /m*)(60m*) = 480,746 kJ

AT _ e Qo |1 = epf 22000 )1 _ 5
I, Q. 480,746

AT =0.21T, =0.21(293K) = 60K
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Oxygen limitations

« Caution must be exercised in calculating temperatures
with the previous equation because oxygen depletion will
eventually cause the fire to diminish in a closed room

 “Puffing” fires can occur in closed rooms because as the
fire diminishes due to oxygen depletion, fresh air will be
drawn into the room, which will allow the fire to
reinvigorate

* The details of oxygen depletion are not presented here,
but analysts should always be aware of the potential
effects of oxygen depletion and limited ventilation
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Enclosure smoke filling

ZM d(pV)u

dt

d(pV ),

dt
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I Enclosure smoke filling
Case 1. Small leak at floor

I
* Mass balance on lower layer

dpv), AV, (. .
di l:p’Ttl:_(mP’me)

* Volume balance on lower layer

dv, —(m_+m,) : :
dtl - : - _(Vpl + VeXp )
P

* Volume balance on upper layer

av, dv, (; :
dt o dt o (Vpl +I/GXP)
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I Enclosure smoke filling
Case 1. Small leak at floor

I
* Volumetric plume flow rate (Zukoski)

. 1/3
v, = P _ 021 g Q1/3ZS/3 _ kal/?,(Zl _Zf)5/3
P PszTl

* VVolumetric expansion rate

; :( 0, ):[ Q'fa—zz)]
o pe,T, 353(kJ /m’)

» Upper layer descent rate (for flat ceiling)

dz _ 1 qu :(Vpl+VeXp)

u
d A di A
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I Enclosure smoke filling
Case 2. Small leak at ceiling

I
* Mass balance on lower layer

d(pV dv, :
(oY), :pl_l:_mpl

dt dt

* Volume balance on lower layer

dI/l — pl_ _V
dt -
P
* Volume balance on upper layer
av, _ dav, -
_ =V,
dt dt
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I Enclosure smoke filling
Case 2. Small leak at ceiling

I
* Volumetric plume flow rate (Zukoski)

_ 1/3
v, = Pl _ 091 g Q1/3ZS/3 _ kam(Zz _Zf)5/3
P pic,1

» Upper layer descent rate (for flat ceiling)
dZ | dVvu _ Vp[

u

dt A4 dt 4
» Solution for smoke layer position

t dz, k, ¢ -
j(H—z 54 Idet
0 r 0

u

k, 13 5/3
= H-z
AFQ (H-z,)

r
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I Enclosure smoke filling
Case 2. Small leak at ceiling

» Solution for smoke layer position for power law fire - O = at"

t dz k. p
: =\ (at")" dt
'E(H_ >3 Ar ‘(‘)‘

z,)

u

N

2 -3/2
I B P
H (n+3)7,

|14 AH
Ty = Vem = ka1/3H5/3

Fire PRA Workshop 2013, Charlotte, NC
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I Enclosure smoke filling
Case 1. Small leak at floor

* Smoke layer temperature

_ pT pTV jdd? a I( Voo )1
I(0)= /;l= o= pd) | =T
0 o !Vp,dt

* Smoke layer oxygen concentration

t . } Qf
. _(‘:|:(sz;911702,0) [AHC /. j:|dt

m 9
YOZ,u (t) — —
m m

u u

— These equations generally require numerical integration
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I Enclosure smoke filling
Case 2. Small leak at ceiling

* Smoke layer temperature

[t A Lo
Tu(l‘)=[’)’= ZmI”=PZTz e =
[ e] TV p e

* Smoke layer oxygen concentration

J‘{(’OlelY()Z,o )_ ( AH?]; r, J - (puVexp Y02,u ):|dt

My, 0
YOZ,u (t) — — =
m m

u u

— These equations generally require numerical integration
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Summary — smoke filling

* Fire in enclosed spaces have been addressed in terms of:
— Global (one-zone) analysis
— Smoke layer descent (two-zone) analysis

* Bases of the ASET addressed

— ASET does not address oxygen limitations
— Unrealistic temperatures can be calculated

* Next step is to consider the effects of vent flows and
mechanical ventilation
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I Vent flow topics

* Orifice flow equation
— Application of Bernoulli’'s equation

» Hydrostatic pressure profiles in room fires
» Roof /floor vents

* Wall vents
— Ventilation limit

* Multiple vents
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I Orifice flow

* Mass flow rate
m=C,pAv
* Velocity

2AP
yo,

Yy =

— Need pressure distribution to evaluate mass flow rate
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Pressure distribution

 Pressure differences arise from hydrostatic pressure
differences

dP P,

@ T

* Pressure profiles go through series of stages

g
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Pressure profile

PHASE 1
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Pressure profile

PHASE 2
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Pressure profile

PHASE 3
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Pressure profile

PHASE 4
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Vent flow cases

* Roof / floor vents * One-zone

— Stack effect
* Wall vents * TWO-zone

— Buoyancy
« Combined / multiple « Combined

— Stack + buoyancy
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Roof / floor vents

* One zone (Stack effect only)
— T,> T, (Normal)

Por1, C,4,\ 1

Pi>1; |

F(z)|\||fi(z)

" N
Ci Az
———
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Roof / floor vents

* One zone (Stack effect only)
— T,<T, (Reverse)

p097:)

F(z)

F(z)

P, T,

C A

o

0o

Fire PRA Workshop 2013, Charlotte, NC
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Roof / floor vents

 Normal stack effect case

» Evaluate pressure profiles
— For uniform temperatures, uniform densities and linear pressure

profiles

I_DfdP = —pg]dz
R 7

Fire PRA Workshop 2013, Charlotte, NC
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Roof / floor vents

» Evaluate pressure difference at roof vent
* Pressures are equal at neutral plane, N

P(H)-F(N)=-p,g(H—-N)
P(H)-P(N)=-p,g(H—-N)
F(H)-F(H)=(p,—p;)g(H—-N)

AF,,(H)=(p,—p;)g(HH —N)
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Roof / floor vents

» Evaluate pressure difference at floor vent
* Pressures are equal at neutral plane, N

F(N)-F(0)=-p,g(N-0)
P (N)-F,(0)=-p,g(N-0)
P (0)-F(0)=(p,—p,)gN

AF,(0)=(p, — p;)gN
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 Evaluate vent flow rates IAP
m = pC DA -
Jo,

Roof / floor vents

— Roof vent
i, = C,A4,]2g(H — N) p,Ap
— Floor vent
m; = C, 4, \/ngpoAp
Ap=(p,—p;)
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Roof / floor vents

« Equate mass flow rates m_ = m,

C,A4,28(H —N)p,Ap = C,A,\[2gNp,Ap

 Solve for neutral plane height

1+ A
P, C o A o
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[
» Substitute into mass flow equations

— Mass inflow equation -
20H| 1——*

mi — IOOCiAi
V 1+(

T
2gH| -1
C,A4 é

mozpi o“"o 2
T;) COAO
1+
V T; CiAi
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Roof / floor vents

— Mass outflow equation




Roof / floor vents

» Effect of inlet vent restriction

m 1

mo,max ]-; COAO
1+

T, |\ C.A,

l Inlet area effect
(To/Ti = 0.75)
1 . *° TN 2 T Ju S S S S 2
L 2
= 0.8 “
g 0.6 .
Eoale
S
0.2 +*
O T T T
0 2 4 6 8
Ai/Ao
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Roof / floor vents

* Two-zone analysis (Buoyancy only)

mO
Porlol — c,a\}

pi>1; |
F(z)|\\|b(z) H

mi
! —l- po 2 ]-'0
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Roof / floor vents

* Two-zone analysis (Buoyancy only)
1 AP at roof same as for one-zone case

AP(H)=(p,— p,)g(H —N)
"1 AP at floor different from one-zone case

AP0)=(p, — p;)g(N —D)
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Roof / floor vents

* Two-zone analysis (Buoyancy only)
— Mass outflow term

— Mass inflow term

m; = CiAi\/zg(N_D)poAp

l
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Roof / floor vents

« Equate mass flow rates m_ =m.

C,A4,4]28(H — N)p,Ap = C;4,3)2g(N — D) p,Ap
» Solve for relative neutral plane height

(N_D) . Y COAO
(H_N) 100 CiAi
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Roof / floor vents

* Interested in distance (H-D), not (N-D), but note that (N-D)
= (H-D)-(H-N):

(N-D) (H-D)-(H-N) (p, Y CA4,)
(H-N)  (H-N)  \p, \C4

2
(H_D)_1+ IOi COAO
(H R N) po CiAi
— Smoke layer depth in terms of neutral plane depth.
Substitute into mass outflow equation.
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Roof / floor vents

* Mass outflow equation

2¢g(H — D) ]]:i—l
mo — piCOAo - 2
T;) COAO
1+

T, \ CA,

l

— This is same as one-zone case, but with overall height, H,
replaced by smoke layer depth, (H-D).
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I
* |deal gas manipulations

Roof / floor vents

T T T

A ] = Zol1_ 2o
P T pOT. T

o l l

i, = p,C, A l
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Roof / floor vents

» Effect of inlet vent restriction (for T /T,=0.75)
— When A, = A,, vent only about 75% efficient
— When A, =2 A, vent is about 92% efficient
— When A, =3 A,, vent is about 96% efficient

2 Inlet area effect

m 0,max TO ( CO AO (To/Ti=0.75)
1+ ==
\ T \ CA 1 e DI e e S S S e e

l l l 0.8 .
% <
g 0.6 rS
E o4
0.2 +*
*
0 T T T
0 2 4 6 8
Ai/Ao
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Roof / floor vents

 Evaluation of temperature factor 1/2

Temperature factor
0.6

S

8 04

e

2 0.3 1

o

8 0.2

5

F 0.1

O T T T T T
1 1.5 2 2.5 3 3.5 4
Ti/To
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Wall vents

I
« Bidirectional flow through same vent
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Wall vents

* One-zone analysis (Stack only - T, > T,)

F(z)

1009]-;)
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Wall vents

 Pressure differential as f(z)
AP(z)=(p, - p,)g(z—N)

* Velocity as f(z

)
— OQutflow 2AP — 0.
e 2>N V(Z): - 2g Po—P (Z_N)
| p P,

— Inflow 2AP - D.
. 2<N wWz)=_ |—=.|2¢g Po” P (N—Z)
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I
« Mass outflow rate as f(z)

Wall vents

m, =CppAv=CpW,p, L]\jo v(z)dz

H

m, = CDVV()/)JNO 28 pol; = (Z—N)dZ

i, =27, p, 26 o Pr \(tr, V)

3 Pi

Fire PRA Workshop 2013, Charlotte, NC Sllde54 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Electric Power Research Institute (EPRI)




I
* Mass inflow rate as f(z)

Wall vents

m, = CppAdv=C,W,p, jON v(z)dz

N

mi:CDVVOpoL 28 ,0010—,01- (N_Z)dz

.2 — P,
m, =—C,W,p,.128 Lo 5 (N)3/2

3 P,
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Wall vents

« Equate mass flow terms m = m,

(H,-N)" _p
(N)3/2
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Wall vents

 Substitute into mass outflow equation

- 7172 3/2
2 T T 1
m ==C,p AJH J2g| == 1-=1|| |1-
0 3 dIOO 0\/ 0\/ g Tlr ]-; 1+(]';/]'70)1/3

* This is the ventilation limited flow through a single
rectangular wall vent

* Flow is function of ventilation factor and temperature ratio
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Wall vents

Plot —"— = f| % | for G = 0.7. ambient ai
oAO\/H—O - | for C4 = 0.7, ambient air

0
Vent flow as f(Ti/To)
0.6
0.5 |
« 04
o
I
< 0.3
=
€ 02
0.1
0 ‘ I I I I
1 2 3 4 5 6
Ti/To (Absolute)
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I The ventilation limit

* Rooms with single rectangular wall openings

i, ~0.54,[H,

: . AH
0,00 = 1ty
max max
r

0,.. ~15004,T7,
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Example

« Calculate maximum air flow rate and heat release rate in
standard room fire test enclosure with single doorway
opening 0.76 m wide by 2.03 m high

— VENTILATION FACTOR A H, "2 = 2.2 m®?

— MAX. MASS FLOW RATE = 1.1 kg/s
— ~229 air changes per hour

— MAX. HEAT RELEASE RATE = 3300 kW
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Wall vents

I
* Two-zone analysis

F(z)

1009]-;)
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Wall vents

* Two-zone analysis
— Upper layer analysis same as for one-zone

i, =2 C 1, 2] 2P a1, Y

3 P;

— Before onset of ventilation limited conditions, D and N
approximately coincident
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Wall vents

B
* Two-zone analysis
— Elevation of D (and N) based on balance between plume

entrainment and vent flow
— Analysis similar to roof vent analysis

F(z)

F(z)

1009]:)

Fire PRA Workshop 2013, Charlotte, NC
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Wall vents

* Plume / wall vent flow balance ~ m, =m,,

— Wall vent flow

i, == C W, p, |28 PP (1, — N Y

3 Pi

— Plume flow

cz<z 1, =0.00540.z,/z,
cz2a i, =0.0710)%(z~z,)" +0.0018Q,
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Multiple vents

 Neutral plane occurs where |° |
— mass inflow = outflow

» Solution technique
— Guess Z,
— Calculate m_, m,
— Compare m,, m, 7, —
— If m, # m, adjust Z,
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Other factors

» Unsteady conditions

* Wind effects

* Mechanical ventilation
* Multiple rooms

* These are the factors that make computer models
particularly useful!
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Mechanical ventilation

* [njection S :
J m, =m, + m, .

(z)
P(z) H
—|
—
....................................................... H 0
10 07270 H
b
|
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Mechanical ventilation

* Extraction L :
m; =m, + M,

F(z)

pa’To
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I Multiple rooms

F, A
——
Room 1 —_ Room 2
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Summary — ventilation effects

* Vent flows are important aspect of enclosure fires,
affecting mass / species / energy balances

* Issues related to roof vents and wall vents addressed
— Flow rates and smoke layer heights
— Constricted flow for roof vents
— Ventilation limit for wall vents

» Other issues introduced
— Wind / mechanical ventilation / multiple rooms
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Preflashover vented period

e
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Preflashover vented period

* Mass / species / energy balances
* Mechanical ventilation

* Vent flows

 Temperatures

» Gas / smoke concentrations

* Flashover estimates
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I Energy balance

* Upper layer balance

0,=0,+0,
* Heat loss term

O, =h AAT
« Convective term

« Solve for AT: |
AT = <

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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I The MQH correlation

* Dimensionless variables .
m, ~ A \JH,

AT 0, _ O, [m,c,T
7 A

S

0 a“pro k< s™o 1+
maC'p

AT 0, ho A

7.\ ene,ra i, ene,a i,
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The MQH correlation

» Statistical correlation of the form:

N M

AT 0O h A

- _C S
I, \Nepe,TAH, ) (Nep.c, A H,

» Over 100 sets of room fire data
— Fuels: Gas, wood, plastics
— Range of room sizes, thermal properties
— Bias towards low fires in center of room
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I The MQH correlation

 Values for C, N and M from regression:
2/3 -1/3

AT 63 < Iy A,

7, Jepe, LANH, ) (Ngpc,AH,

* For conventional values, this reduces to:

. 1/3
0;
A NH h A
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Heat transfer coefficient

 Early stage - transient semi-infinite solid

. 1 [|kpc kpc
= ‘/ T -T )~ |—(T —-T
q \/; t (g 0) l’ (g 0)

- Late stage - steady one-dimensional slab
/4 k
q = g( I g T,)

» Effective heat transfer coefficient

h = MAx]| |2 K
0
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MATERIAL Kk p cp a kpc
[KW/m.K] | [kg/m3] | [kJ/kg.K] [m2/s]
Aluminum (pure) 2.06E-01 2710 0.895 8.49E-05 | 5.00E+02
Concrete 1.60E-03 2400 0.75 8.89E-07 | 2.88E+00
Aerated concrete 2.60E-04 500 0.96 5.42E-07 | 1.25E-01
Brick 8.00E-04 2600 0.8 3.85E-07 | 1.66E+00
Concrete block 7.30E-04 1900 0.84 4.57E-07 [1.17E+00
Cement-asbestos board 1.40E-04 658 1.06 2.01E-07 | 9.76E-02
Calcium silicate board 1.25E-04 700 1.12 1.59E-07 | 9.80E-02
Alumina silicate block 1.40E-04 260 1 5.38E-07 | 3.64E-02
Gypsum board 1.70E-04 960 1.1 1.61E-07 | 1.80E-01
Plaster board 1.60E-04 950 0.84 2.01E-07 | 1.28E-01
Plywood 1.20E-04 540 2.5 8.89E-08 | 1.62E-01
Chipboard 1.50E-04 800 1.25 1.50E-07 | 1.50E-01
Fiber insulation board 5.30E-05 240 1.25 1.77E-07 | 1.59E-02
Glass fiber insulation 3.70E-05 60 0.8 7.71E-07 | 1.78E-03
Expanded polystyrene 3.40E-05 20 1.5 1.13E-06 [ 1.02E-03
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MQH correlation example

 Calculate the quasi-steady smoke layer temperature rise
in the FMSNL enclosure based on the following
assumptions:
— Lining material is 2.54 cm thick gypsum wallboard
— Fire burns at a steady HRR of 500 kW
— There is a single 0.8 m wide by 2.0 m high door in one of the walls
— There is no mechanical ventilation
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MQH correlation example

[
e Solution:

— Lining material is 2.54 cm thick gypsum wallboard
« Want quasi-steady solution, so need k and d

e k=1.7x104kW/m.Kand d = 0.0254 m
* h,=k/d=6.7 x 103 kW/m2.K
— Heat transfer surface area
A =2-[(18.3x12.2)+(18.3x6.1) +(12.2x6.1) |- (0.8 x 2.0)
=817 m”

— Ventilation factor

A JH =1.6y2.0=2.26m""
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MQH correlation example

e Solution:
1/3

%
A,H, 4,

AT =6.85

5 O O 7 1/3
= 6.85 -
(2.26)(6.7x10°)(817)
=187C
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MQH correlation example

* Repeat the previous example calculation, but assume the
fire only burns for 10 minutes

— For this case, need to calculate the transient h,:

b= 26— 018 o 0170w m &
¢\ 600

5 OO 7 1/3
AT =6.85
(2.26)(0.017)(817)
=137C
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I Fires along walls and in corners

» Concept of reflection
— Reduced entrainment rate
— Higher temperatures
— Longer entrainment height

* Mowrer and Williamson adjustment
factors to MQH correlation

— Fires along walls AT =1.3xAT
=]. MOH

— Fires in corners AT =1.7 % ATMQH
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Flashover estimates

-Babrauskas O, =7504 H_

- MQH 0, =610(4,JH, . 4,)

. Thomas O., =784 +3784 \/H,

* Plot of As

AF ANH,
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Flashover estimates

Flashover estimates

2500
2000 /
N 1500
I° =4#=Babrauskas
<° == NQH
e /. =4=Thomas
Q 1000
= 2
500 - }/
0 T T T T T
0 50 100 150 200 250 300
1/2
A /AH,
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« Example: Determine the HRR to cause flashover in
the standard fire test room

— Dimensions: 24 mWx36mLx24mH
A =4(2.4x3.6)+2(2.4x2.4)=46.1m"
— Doorway: 0.8 mW x 2.0 mH

A JH =1.642.0=2.3m""

— Babrauskas: O, =7504,\/H, =750(2.3)~1725kW

Flashover estimates

— Thomas: (., =7.8(46.1)+378(2.3) ~1230kW
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I Mechanically ventilated spaces
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Mechanically ventilated spaces

* Foote-Pagni-Alvares correlation
— Analogous to MQH correlation
— Based on limited data in single enclosure
— Quasi-steady temperature rise

0.72 —-0.36

AT 0, h A

—=0.63 5
1 mc 1, mc,,
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Mechanically ventilated spaces

* Foote-Pagni-Alvares correlation example

— Calculate the temperature rise in the FMSNL enclosure for a HRR
of 500 kW and an mechanical ventilation rate of 10 ach

— Solution
* To =293 K (remember to use absolute temperature)
* h,and A, as in the MQH example
« Mass flow rate calculated as

m=pV =(12kg/m*)3.8m° /s)=4.6kg/s
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Mechanically ventilated spaces

* Foote-Pagni-Alvares correlation example
— Solution

Q- 0.72 —0.36
AL 063 -2 A,
T mc T, mc,

o063 500 0017817
T (4.6)(1.0)(293) (4.6)(1.0)

=0.21

AT =0.21T, =0.21(293) = 61K
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. Summary —
mechanical ventilation

* Mechanical ventilation provides additional pathways for
air and smoke flow

— Influences mass, species and energy equations

* Injection tends to pressurize a fire room, pushing smoke
out through leakage paths

 Extraction tends to depressurize a fire room, pulling fresh
air in through leakage paths

 Locations of leakage paths (e.g., ceiling or floor) and
location of smoke layer interface influence the effects of
mechanical ventilation
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Summary — preflashover fires

» Average upper layer temperature based on energy and
mass balances

 Correlations developed for

— closed-form estimates of preflashover temperatures
« MQH correlation for naturally ventilated enclosures
* FPA correlation for mechanically ventilated enclosures
— flashover estimates
« Babrauskas

« MQH

« Thomas
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Smoke and visibility

* Light attenuation and visibility through smoke can be
estimated based on the soot mass concentration within
the smoke layer

* The light extinction coefficient, K, is directly proportional to
the soot mass concentration as:

K=K pY

S0o0t

— where K, is the specific extinction coefficient and Y, is the soot
mass fraction in the smoke
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Smoke and visibility

B
« Seader and Einhorn suggested values for Km of
— Km = 7,600 m2/kg for flaming combustion and
— Km = 4,400 m2/kg for pyrolysis smoke.

— These values have been widely used for light attenuation and
visibility calculations

* Mulholand and Croarkin have suggested a value of Km =
8,700 m2/kg for flaming combustion of wood and plastic
fuels

— This value is now more widely used (e.g., in FDS)

Slide 94 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Smoke and visibility

» Light attenuation is calculated in accordance with
Bougher’'s Law for monochromatic light:

I/ =e**

* Visibility through smoke varies inversely with the light
extinction coefficient:

§S=C/K

— where S is the visibility distance (m) and C is a constant related to
the object being viewed
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Smoke and visibility

» Mulholand gives the following values for C:
— C = 8 for light-emitting signs I/, = e =335%x10""
— C = 3 for light-reflecting signs I/1, = e =0.05

* These values should be used with caution because they
will depend on the ambient light levels
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Smoke and visibility

* To calculate smoke obscuration and visibility, the soot
mass fraction, Ys, is calculated

* First, the soot generation rate is calculated

ms,gen = fvmf =

(AH, 1 1)

— where f, is the soot yield of the fuel

— Soot yields are tabulated in the SFPE Handbook (Tewarson
chapter) for a large number of fuels

Fire PRA Workshop 2013, Charlotte, NC
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Smoke and visibility

* Representative soot yields

Table 18-3. Smoke Particulate Yield (Klote and Milke, 2002}

Material Farticulate Yield - y,

Wood (Red Oak) 0.015

Weood (Douglas Fir) 0.018

Wood (Hemlock) 0.015

Fiberboard 0.008

Wool (100-percaent) 0.008

Acrylonitrile-Butadiene-Styrene (ABS) 0.105

FPalymethylmethacrylate (PMMA; Plexiglas™) 0.022

FPolypropylene 0.059

Polystyrene 0.164

Silicone 0.065

Polyester 0.09

Mylon 0.075

Silicone Rubber 0.078

Polyurethane Foam (Flexible) 0.168

Palyurethane Foam (Rigid) 0.118
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Smoke and visibility

 Soot mass concentration
— Unventilated rooms:

Ly~ 2/Y)
©(AH 1)

— Ventilated rooms:

yom_ 0y L 0)7)
oy, p(AH ) - (AHf)
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Smoke and visibility

* Unventilated room example

— Estimate the average mass concentration of soot and the visibility
distance within the 18.3 m by 12.2 m by 6.1 m FMSNL enclosure
at 240 s and 600 s after ignition

 Assume the enclosure is unventilated
* Assume propylene (C5Hg) is the fuel

» Assume the fire grows as a t-squared fire to a HRR of 500 kW in 240
s, then burns at a constant HRR of 500 kW for another 360 s.
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Smoke and visibility

[
* Unventilated room example
— For propylene (C;Hp)

AH,=46.4MJ / kg,

AH,/ f =488.4MJ / kg,
f,=0.095kg /kg, /

— Fire heat release

ol 500 ), 500 Y (240)° )
0, (@240 5)=[ ((240)2} dt—((240)2j( : j—40,000kJ

0, (@600 5) =0, (@240 5)+ [ 500dt = 40,000 kJ +180,000 kJ = 220,000 kJ

240
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Smoke and visibility

I
* Unventilated room example
— Heat release per unit volume

O, V(@240 s) = 40,000kJ /1,382m” =28.9kJ / m’

O, 1V(@600 s)=220,000kJ /1,382m> =159.2kJ / m’
A

— Soot mass concentration

28.9kJ / m’
y -5 3
pY (@240s)= 5 =5.92x10"kg /' m
488.42x10° kJ / kg,
159.2kJ / m’
. -4 3
p)lsoot(@6oos): 3 :326X10 kgsoot/m
488.42x10° kJ / kg |
Fire PRA Workshop 2013, Charlotte, NC Sllde102 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




Smoke and visibility

* Unventilated room example
— Extinction coefficient

K(@240s)=K, pY.  =(8,700m" kg )5.92x10"kg  /m>)=0.52m™"
K(@600s)=K, pY,  =(8700m>/ kg, )3.26x10"kg /m>)=2.83m™
— Visibility of light-reflecting sign through smoke
S(@2405)=3/0.52m™" =5.8m(19 ft)

S(@6005)=3/2.83m™ =1.1m(3.6 f?)
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Smoke and visibility

* Ventilated room example

— Estimate the average mass concentration of soot and the visibility
distance within the 18.3 m by 12.2 m by 6.1 m FMSNL enclosure
under quasi-steady conditions assuming the enclosure is
mechanically ventilated at 10 ach

« Assume propylene (C;Hg) is the fuel burned in the FMSNL fire tests
* Assume the fire burns at a constant HRR of 500 kW for another 360 s.

Fire PRA Workshop 2013, Charlotte, NC
ire orkshop . Charlotte, Slide 104
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Smoke and visibility

* Ventilated room example
— Volumetric flow rate
10-(18.3mx12.2mx6.1m)
3,600

V= =3.8m’ /s

— HRR/Volumetric flow rate

500kW

3.8m° /s

=131.6kJ / m’

0,1V =
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Smoke and visibility

B
* Ventilated room example
— Soot mass concentration

o7 = ©,/V) 1316k /m3

= = =2.7x10""kg /m’
(AH./ f)  488.4x10°k] /kg. &

— Extinction coefficient

K=K pY  =(8700m>/kg )2.7x10 kg /m’)=2.35m""
— Visibility of light-reflecting sign through smoke

S=3/235m" =1.3m(4.2 fi)
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Summary — enclosure fires

 This presentation has introduced a number of important
factors in enclosure fires
— Two-layer zone modeling control volumes
— Pressure effects in enclosure fires
— Vent flows and mechanical ventilation
— Smoke concentrations and visibility

« Computer-based fire models incorporate these effects in
different ways

— Should understand how models treat phenomena

Fire PRA Workshop 20 7?, Char lotte, NC Sllde107 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Overview of FDS

I
» Basic Assumptions of FDS
— Low Mach Number Approximation
— Large Eddy Simulation
— Fire and Combustion Approaches

* Plume Simulations

* Verification and Validation

* Fire Modeling for FPE Design

 Fire Modeling for Fire Forensics and Reconstructions
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Aerodynamics

Air flow over proposed jet aircraft design, Courtesy

Numerical Aerospace Simulation Facility, NASA Ames

=

Research C

//
/ /

Fire PRA Workshop 2013, Charlotte, NC Slide 109 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




Weather Prediction

Regional Weather Prediction,
US Midwest and Mountain

States,
27 KM REAL TIME MMS5 Q0 UTC Q7 Qct 1998 + 0.0000
Surface Temperature (F at sigma = 0.020 sm= 1
Surface Temperature (F at sigma = 0.025 sm= 1
Sea Level Pressure {m at sigma = 0.025 sam= 3
<uul,vvys> Vectors at sigma = 0.995

115 110 T 106 W
" i e M A mm e WA

Development of a Cyclone in
the Sea of Japan, Courtesy
National Center for
Atmospheric Research

(NCAR)
Fire PRA Workshop 20 1?’, Charlottfa, NC S/Ide110 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling

Basic Conservation Equations for Single Species

Conservation of Mass Turbulence

E;_p +V.pu=0 Large Eddy Simulation
t
Fire/Combustion

Conservation of Momentum

d
(gru) +V.puu=-—-Vp+pg @

Conservation of Energy
o(ph) Low Mach Number
ot

Annravimatinn
po=RpT
Equation of State

What are the unknowns? Density p; Velocity Components «, v, w; Enthalpy %, Pressure p

What needs to be provided? 4", the fire; 1, the (turbulent) viscous stresses, V- kVT,
thermal conductivity

A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)




I Large Eddy Simulation

ot e )
R it

et p e

#
#

)

B

e
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.
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Sandia | m CH4,Test |7, Measured Puffing Frequency = 1.65 Hz

~ 15
fzﬁHz
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=200 fkviima)

Frame rate: 4.0

’ Sandia M }-I PIIF"IT'I'_
;._:; B r=00m, z=05m ' * |
= 6t l 1
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- v i
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Time (s)

Sandia 1 m Methane Pool Fire. Test 17

10 FDS W-Velocity, 1.5 em Resolution

Autospectral Density (m?/s)

Nyquist
measured limit
10°'t puffing C ]
frequency
—>
-6
10 '
10" 10" 10" 10° 10°

Frequency (Hz)

S. R. Tieszen, T. J. O’'Hern, R. W. Schefer, E. |. Weckman, and T. K. Blanchat, Experimental
study of the flow field in and around a one meter diameter methane fire, Comb. Flame,
129:378-391, 2002.
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Combustion
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temp
.
1875
1350
Simulation of a
825
burner flame,
- courtesy Convergent

Technologies
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“Lumped Species” Approach

Generalization of the Mixture Fraction concept — instead of tracking a single
variable, track at least two, the fuel and its products. This then allows for a local

extinction model.

2(02 4+ (.79/.21)N>) CH,4 COg + 2H20 + 2(.79/.21)N>
L - » - _|_ N 'F } A" - &
Backeround (Oxidant), Zj Fuel. Z; Products, Z5
20 1
g 15~
=
£ ™~
a 10 H"‘HH Burn
E e
S .
:; Mo Burn S~
& °
8 ™~
o4 . . . ey

0 200 400 600 800 1000 1200 1400 1600
Gas Temperature (*C)
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I McCaffrey’s Plume Measurements

f T T T & : r :
Plhume Temperature, MeCaffrev 45 kKW Plume Velocity, MeCaffrey 45 kW

sl ] 5 L i
— 4 1 =4 1
'E" o Exp (Temp 45 kW) ? -
_'i 3 ] = = = FII8 (temp) _'\:.'-[: -
= Al | = 5l _

1t 7 Ir |

Exps {Vel 45 kW)
=, - — =FDS [velo)
0 . - 0
0 200 400 B0 8O0 L0 0 5
Temperature (*C)
6 &
Plume Temperature, MeCalfrey 57 kKW

5t 5 b
_ g — 1
= Frp [ Tomp 57 W) C .
?.I: ar — — —FDS (temp) |> f:: 8 |
E E
s] st ] = 2t _

1t 1 L |

Exp | Vel 57 kW)
- - = =FDS (velo)
DD L0000 DI] 1 5
Temperature (“C)
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I Heskestad Flame Height Correlation

10° - .
Lf Flame Height
L— *\2/5 |
L =37(0")P-1.02 .
D F
:: 10’ -_.

L Heskestad Correlation
Poa n  FDS (D*/ér =5)

— pm(;‘;} Tm\@DS/Z a A FDS (D* /6 = 10)

FDS (D* /e = 20)

_l 1 " Pra—r—————| - P | J
10 -1 U | 2 3 4
10 10 10 10 10 10
Q*
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Grid Resolution

Characteristic length scale for fire plume correlations:

. 35 . )

o N\ 0 P\
D=(—F—) 0= 0=
I:"¢-: f_lp T-:-: x-"lfg p.:.: E\p I.; '\.'g D' = D

Where does this characteristic length come from? Consider the Energy Conservation
equation

DT
F’L‘yﬁ =q"+V-kVT +

Non-dimensionalize according to

X'=x/D° : w=u/\egD : t'=t/\/D /g : p'=p/p. : T'=T/L
The Energy equation is now written in non-dimensional form
DT

— A v' _iv #
p—DF* g +V-EVI +

where
« Il % ‘v'IIID I - MF

T poc g !
Integrating the local HRR over the entire domain

oy F
[q:”-cfir- o .jqrdr o l
. pﬂ-"c\ljj I:.n VE I " S 'Ill 2
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15 m diesel fuel fire, Little Sand Island, Mobile Bay. Courtesy Doug Walton, NIST
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Case Study:

In situ burning

of spilled crude oil

Sponsors:

US Minerals Management Service
. ) Alaska Department of
Environmental Conservation

US Coast Guard
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3040’ a0=40'
Map showing flight
3030 30-30"
path of aircraft
performing Lidar
measurements of
ag=20 — 3g20
the smoke plume,
courtesy SRI,
30-10r 30°10 Intemational
sg 20 ag"0 agor
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Figure 4. Airbome Lidar Altitude/Distance Grayscale Cross Section of Smoke Plume Structure —
Mobile Bay, Burn 2, Pass 8, 26 October 1994 :
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Smoke Trajectory from hypothetical burn, Valdez, Alaska

Terrain data courtesy US Geological Survey, Digital Elevation Maps
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APPLICATICN AND
BURN PLAN
SUBMITTED

TO FEDERAL AND STATE
ON-SCENE
COORDINATORS

MECHANICAL

CONTAINMENT YES
AND RECOVERY
FEASIBLE AND
ADEQUATE?
IS NO

IN SITU BURNING

FEASIBLE?

CAN
HUMANS
BE PROTECTED
BY SECONDARY
CONTROLS
(e.g., evacuation
or staying
indoors)

WALL
HUMANS BE
EXPOSED TO PM,
OF MORE THAN

85 MICROGRAMS
PER CUBIC
METER?

STEP 4
AUTHORIZATION

AND CONDITIONS YES

Y

In Situ Burning Guidelines

for Alaska

h 4

GREEN ZONE:
BURN

YELLOW & RED ZONES:
BURN WITH CONDITIONS

Fire PRA Workshop 2013, Charlotte, NC
Module 5: Advanced Fire Modeling

NO BURN
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NFPRF Sprinkler/Vent/Draft Curtain Study

NISTIR 6196-1

Sprinkler, Smoke & Heat Vent, Draft Curtain
Interaction - Large Scale Experiments and Model
Development

Kevin B. McGrattan
Anthony Hamins
David Stroup

N H United States Department of Commerce
National Institute of Standards and Technology
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Automatic Vent Diagram
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Heptane Spray Burner Layout (Series 1)

MNorth Wall
Adjustable Height Celling ED
26"
20/11——}: 671 b= 12! —
oot Draft Cuftains =~~~ """ 7777 !
| "o 120
| ® I v # hoo
Tll,z‘: .l 1 - 4 .ST o - 3] - 4 .F'ZI i
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Sample Results

TEST 2 (VENT OPENED AT 0:40, 4.44 MW FIRE, DRAFT CURTAINS)

NEAR-CEILING TEMPERATURE {C) AFTER 5 MINUTES

0. 25. 50. 75. 100, 125, 150. 175. 200. 225. 250.
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Heptane Series Il Layout

North Wall

100"

South Wall
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Commodity Layouts

Plan View
I ] Side Elevation View
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Burning Boxes
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Fire Growth
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Fire Growth Validation
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Suppression

Fire PRA Workshop 2013, Charlotte, NC Slide 138 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling : Research (RES) & Electric Power Research Institute (EPRI)
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Commodity Layout
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No Draft Curtains
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I Draft Curtains
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Frami: § —
Time: 8.0 |

Tank Fire Analysis, courtesy

Combustion Science and Engineering
NASA Vehicle Assembly Building

Kennedy Space Center 2006 Olympic Ice Hockey Stadium,

courtesy Rolf Jensen Turin, Italy, courtesy Arup
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PyroSim, courtesy Thunderhead
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Engineering Consultants, Manhattan, Kansas
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Fire Reconstructions

Figure 5-44. Fiames impinging an caillag (10 sscends)

The Station Nightclub Fire
Dan Madrzykowski and Steve
\ Kerber

!

Cook County Administration Building Fire
69 West Washington, Chicago, Illinois, October

17,2003
) Doug Walton and Dan Madrzykowski
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Program:

Thermal Analysis
NIST
Program: ANSYS

il o0

Aircraft Impact Analysis
Applied Research Associates
e
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Shce
&
= _ ,
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p | NIST

300

000

o I Program: Fire Dynamics Simulator

Structural Analysis

Simpson Gumbhertz & Heger
. Program: ANSYS
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Heat Release Rate
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Multi-Floor WTC Geometry
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Upper Layer Gas Temperatures
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Step 1. Define Fire Modeling Goals

» Determine the length of time that the Main Control Room
(MCR) remains habitable after the start of a fire within a
low-voltage control cabinet.

* Follow guidance provided in Chapter 11 of NUREG/CR-
6850 (EPRI 1011989), Volume 2, “Detailed Fire Modeling
(Task 11).”

* Note that MCR fire scenarios are treated differently than
fires within other compartments, mainly because it is
necessary to consider and evaluate forced abandonment
In addition to equipment damage.

Fire PRA Workshop, 2013, Charlotte, NC Slld62 A Collaboration of U.S. N_RC Office of Nuclear Regu/atory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




Step 2. Characterize Fire Scenarios

» General Description

* Geometry

* Materials

* Fire Protection Systems

* Ventilation

* Fire

 Habitability and Human Factors

Fire PRA Workshop, 2013, Charlotte, NC Slide 3 A Collaboration of U.S. N_RC Office of Nuclear Rggulatory
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Material Properties

* For non-burning materials, the most important properties
are thermal conductivity, k, density, p, and specific heat, c

* For specified burning rates, you need:
— Heat Release Rate (HRR) or HRR Per Unit Area (HRRPUA)
— Heat of Combustion — energy released per unit mass consumed

* For predicting the burning rate, you need:
— Heat of Vaporization (liquids)
— Heat of Gasification (solids)
— Kinetic constants for reaction rates
— (typically not used for NPP applications)
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Table 3-1. Material Properties

Thermal . g
Material Conductivity ”:'}S'EY Spf;:,:'{c I:eat Source
Brick 0.8 2600 0.8 NUREG-1805, Table 2-3
Concrete 1.6 2400 0.75 NUREG-1805, Table 2-3
Copper 386 8954 0.38 SFPE Handbook, Table B.6
Gypsum 0.17 960 1.1 NUREG-1805, Table 2-3
Plywood 0.12 540 25 NUREG-1805, Table 2-3
PVC (0.192 1380 1.289 NUREG/CR-6850, Appendix R
Steel 54 7850 0.465 NUREG-1805, Table 2-3
XLP (0.235 1375 1.390 NUREG/CR-6850, Appendix R

Typical material properties for common construction and cable materials




Ventilation

25 Air Changes Per Hour (ACH) for purge mode
* Two scenarios — purge mode or ventilation inoperative

» Leakage — often the “leakage area” is the area of the
crack under the door

« Exact supply and exhaust location only important for CFD

« Zone models usually only consider height of mechanical
ventilation injection and extraction grilles

Fire PRA Workshop, 2013, Charlotte, NC Slide 10 A Collaboration of U.S. N_RC Office of Nuclear Rggulatory
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Fire

Table G-1
Recommended HRR Values for Electrical Fires
HRR .
Ignition Source kW (Btu/s) Gamma Distribution
75th 98th a B

Vertical cabinets with qualified cable, fire limited to 69 2112 0.84 59.3
one cable bundle (65) 200 (0.83) (56.6)
Vertical cabinets with qualified cable, fire in more than 211° 702° 0.7 216
one cable bundle (200) 665 (0.7) (204)
Vertical cabinets with unqualified cable, fire limited to 90* 1.6 415
one cable bundle (85) (200) (1.6) (39.5)
Vertical cabinets with unqualified cable, fire in more 232° 464 ° 2.6 67.8
than one cable bundle closed doors (220) (440) (2.6) (64.3)
Vertical cabinets with unqualified cable, fire in more 232° 10027 0.46 386
than one cable bundle open doors (220) (950) (0.45) (366)
. . s 69 211° 0.84 59.3
Pumps (electrical fires) (65) (200) (0.83) (56.6)
[ 32 69 2.0 1.7
Motors (30) (65) (2.0) (11.1)
) . 3 142 317 1.8 57.4
Transient Combustibles (135) (300) (1.9) (53.7)

500
700
GO0

i 500

& 400

T 300
200
100

Heat Release Rate

600

1200

I L 1

1800 2400 3000 3600
Time ()

HRR taken from Appendix G, NUREG/CR 6850 (EPRI 1011989)
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Fire

What is burning?

Cables made of polyethylene (C,H,) and neoprene (C,H:ClI)

Assume effective fuel: C;H, :Cl, -

Table A-1. Data for MCR fire based on XPE/neoprene electrical cable.

Parameter Value Source
Effective Fuel Formula CaH45Clgs Combination of polyethylene and neoprene
Peak HRR 702 KW NUREG/CR-6850 (EPRI 1011989), App. G
Time to reach peak HRR 720 s NUREG/CR-6850 (EPRI 1011989), App. G

Heat of Combustion

10,300 kJ/kg | SFPE Handbook, 4th ed., Table 3-4.16

CO, Yield 0.63 kg/kg SFPE Handbook, 4th ed., Table 3-4.16
Soot Yield 0.175 kg/kg | SFPE Handbook, 4th ed., Table 3-4.16
CO Yield 0.082 kg/kg | SFPE Handbook, 4th ed., Table 3-4.16

Radiative Fraction

0.53

SFPE Handbook, 4th ed., Table 3-4.16

Mass Extinction Coefficient

8700 m*kg | Mulholland and Croarkin (2000)

Fire PRA Workshop, 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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Habitability

Criteria for habitability (NUREG/CR-6850, Vol 2, Chap 11)
» Gas Temperature 2 m off the floor is 95 °C

« Heat Flux exceeds 1 kW/m?

 Optical Density exceeds 3 m™'

What is Optical Density? = —% logo (11) — K logge
0

Mass Extinction Coefficient (8700 m?#/kg)
K<LKPY,
Smoke Concentration (kg/m3)

Fire PRA Workshop, 2013, Charlotte, NC Slide 13 A Collaboration of U.S. N_RC Office of Nuclear Rggulatory
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Step 3. Select Fire Models

 Algebraic Models: FPA algorithm in FIVE and FDTs
provides estimate of HGL temperature within a closed,
ventilated compartment.

— FDTs do not allow for time-dependent HRR

 Zone Models: CFAST includes smoke obscuration.
MAGIC does not.

 CED: Provides more detailed information at exact location
of operators

Fire PRA Workshop, 2013, Charlotte, NC Slide 14 A Collaboration of U.S. N_RC Office of Nuclear Rggulatory
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Applicability of Validation

Table A-2. Normalized parameter calculations for the MCR fire scenaric. See Table 2-5
for further details.

Quantity

Normalized Parameter Calculation

Validation
Range

In
Range?

Fire Froude
Number

2
PeeCpT=D*, g

702 kW

B (1.2 kg/m®)(1.0 kI/kg/K)(293 K)(0.425 m25},/9.8 ms2

= 6.2

04-24

Mo

Fire Height,
Hf + L;':
relative to the
Ceiling
Height, H,

Lp=0(374

Hf + Ly _ Zlm+27m

He

23

22m

- :.02'] =04mi(3.7 %62 10212 27m

02-10

Yes

Ceiling Jet
Radial
Distance, ry.
relative to the
Ceiling
Heaight, H,

Mia — Ceiling jet targets are not included in simulation.

12-17

N/A

Equivalence
Ratio, o, of
the room,
based on

Farced

Yentilation of

Purge Mode

¢

702 kw )
= (.014

? = 8Ho,mp, 13,100 K] kg X 3.7 kg/s

fig, = ¥, ..V = 0.23 x L2 kg/m? x 13.4 m?¥/s = 3.7 kg/s

0.04-08

Mo

Compartment
Aspect Ratio

W 162m
H.~ 52m

06-57

Yes

Target
Distance, r,
relative to the
Fire
Diameter, D

22-57

Mo

Fire PRA Workshop, 2013, Charlotte, NC
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Applicability of Validation

* For the scenario with no ventilation, the classic definition
of the Equivalence Ratio does not apply because there is
no supply of oxygen in the room.

* However, it can be shown that there is sufficient oxygen in
the room to sustain the specified fire.

Mo_ror = PVYp, = 1.2 kg/m3 x 1945 m3 x 0.23 = 537 kg

. 12 19 .
0  702kW x 60 s/min X (?+ g +T) min
My, req = o ~ 69 kg
AHq, 13,100 k] /kg
Fire PRA Workshop, 2013, Charlotte, NC Sllde16 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)
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Step 4. Calculate Fire-Generated Conditions

Uriform meterial properties and thickness
for walls, floor, and ceiling

I N I N N N N N N N N N N N N O N N A N A N A A N A B B Comstant mxreust in balance
with supply

Constant air supply

=aint source fire with time -
depencent heat refease rafe

Unittorm
CoeTipartment s ut mo specified locetion or
tempereture nEishit
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Step 4. Calculate Fire-Generated Conditions

I
* Temperature in smoke purge scenario
— Use FPA correlation in FIVE-rev1 or FDTs

* Need equivalent length / width of non-rectangular rooms
Ag =L, X W, ’ PZZX(LE+M/€)

» Other input parameters

Table A-3. Summary of input parameters for the FPA calculation of the MCR.

Parameter Value Source
Room height (H) 52m Figure A-1
Room effective length (L) 27.1m Equation (A-3)
Room effective width (W,) 13.8 m Equation (A-3)
Room boundary material Gypsum board | Table 3-1
Mech. ventilation rate (V) 13.4 m°/s Specified (25 ACH)
Ambient temperature (T,) 20°C Specified
Fire parameters Table A-1
et msanesa e oo I T8 R RS  Eec Powe Foses ntie 9
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I Step 4. Calculate Fire-Generated Conditions

Heat Flux

The point source model is used to estimate the heat flux from the flames to the operator when

the fire is at its peak HRR. The peak HRR, Q Is 702 kW, the radiative fraction, y,., is 0.53, and
the distance from the cabinet vent to the operator is approximately 8.8 m (29 ft). The heat flux
is calculated:

v 0 053 x702kW
= = =~ (.38 kW /m? -
4q 12 41 x 8.82 m? /m (A-4)

L

While this heat flux prediction is well below the critical value of 1 kW/m?, it does not account for
the thermal radiation from the HGL. Thus, the point source method can be used as a screening
tool, and further analysis can be performed by CFAST and FDS.

Fire PRA Workshop, 2013, Charlotte, NC Slide 19
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Smoke concentration and visibility

Neither the FDT® nor FIVE include methods to calculate smoke concentrations or visibility in
mechanically ventilated enclosure fires, but calculation methods provided in Section 3, Chapter
9, of the SFPE Handbook are relatively simple to apply and are based on the same principles
and concepts embodied in zone models. These hand calculations provide an estimate of the
fire-generated smoke concentrations and visibility conditions for this scenario and will indicate if
more detailed modeling is warranted.

The soot mass generation rate, m,, is the product of the soot yield, y,, and the mass burning
rate of fuel, ;. The latter quantity is obtained by dividing the HRR, Q, by the heat of
combustion, AH:

. , Q0 702 kW
g = ysmy = y;— = 0.175 X

= (), A-5
AH 10,300 k) /kg -~ 012 ke/s (A-5)

The soot mass fraction in the smoke layer, Y., is then calculated:

v me mg Mg 0.012 kg/s ~ 0.00075 ke/k AG
St Mg pV 12kg/m3 x 13.4m3/s e/ks (A-6)

The extinction coefficient of the smoke, K, is calculated:
K = K,,pY. = 8700m?/kg x 1.2 kg/m> x 0.00075 kg/kg = 7.8 m™! (A-7)

Here K,,, is the mass specific extinction coefficient listed in Table A-1. By definition, the optical
density of the smoke is related to the extinction coefficient via the expression:

K 78 m !

— o o~ -1 A'B
D mio - 23 = 3.4 m ( )




CFAST — geometry and material selection

File Run! Tools View Help

Simulation Environment Compartmert Geometry | Horizortal Flow Verts | Vertical Flow Vents I Mechanical Flow Vents I Fires | Detection / Suppression I Targets I Surface Connections I

Duplicate | Move Up

—Compartment 1 (of 1)

Compartment Name: IMCR

—Geometry 7 —Advanced

Width (34): |2?-1 m Pasition, X: Iﬂ m
Depth [1): I13.3 m
Height (Z): |5-2 m

Flow Characteristics Variable Cross-sectional Area
lNorrnaI (Standard two-zone model) ;i Height |

—Materials
Ceiling:  |MCR Conorete Wall {user's guide) - | Vialls:  |MCR Gypsum Walls (user's guide) |

IMCR Concrete Floor {user's guide) _v_|

Conductivity: 0.0016 k'wim °C)
Specific Heat: 0.75 kJ/(kg *C)
Density: 2400 kg/m"3
Thickness: 0.9m

Conductivity: 0.00017 kwi{m *C)
Specific Heat: 1.1 kdi(kg "C)
Density: 960 kg/m”™2

Thickness: 0.015875 m

Conductivity: 0.0016 k\l{m °C)
Specific Heat: 0.75 kJi(kg °C)
Density: 2400 kg/m"3
Thickness: 0.5m

A Collaboration of U.S. NRC Office of Nuclear Regulatory
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CFAST - fire specification

Num Object Name Formula Height Area QDot Co Soot HCM HCI HeC Material -
1 o eoprene J 0 0.00 0 0 02.0 0.0820 0 0.0000 0 0300 = |_|

New £ | Mew | Duplicate Remove

Fire Object Name:  [XPE_Neoprene 702 kW

— Details
XPE_Neoprene 702 kW

Material: [MCR PVC-PE Cable (NUREG 1824 |

l— Heat of

c B Combustion: 10300 kg
H: |4-5 Soot Yield: |

0: |ﬂ CO Yield: |

. I Radiative I—
vE | Fraction: 053

Cl: ID.5

0 500 1000 1500 2000
= ‘ e ‘ e ‘ CO Yield ‘ Soot Yield ‘ ct ‘ TS 'il
0.0 0.00 0.120 0.0820 0175 0.00 0
70 0.00 0120 0.0820 0175 0.00 0
281 0.00 0120 0.0820 0175 0.00 0
632 0.00 0.120 0.0820 0175 0.00 0
117213 0nnn n12n N Na2n ni7s nnn n %
oK | Cancel |
Fire PRA Workshop, 2013, Charlotte, NC Slide 22 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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CFAST — mechanical ventilation

File Run! Tools View Help

Simulation Environment i Compartment Geometry | Horizontal Flow Vents | Vertical Flow Vents  Mechanical Flow Vents I Fires | Detection / Suppression I Targets I Surface Connections l

From Compartment | From Area | From Height | From Type| To Compartment | Todrea | ToHeight |TD Type | Dropoff | Zero Flow
I-IE_ 4 3 Horizontal |  Outside | Hnnzoma 6 711792 K

036 Harizantal Outside 49 Horizental 67117592
Outmd.e 036 Harizental MCR D 35 Horizental 2237264
Qutside 036 Harizental MCR 036 Horizontal 2237264
Dutside 036 Harizental MCR 0.36 Horzontal 2237264
Outside 036 Horizontal MCR 0.36 Horizontal 2237264

Add Duplicate Remove |

—Went 1 (of &) Geometry

—From Compartment ~ To Compartment

|mcr || | |ouside |
Lrea: "13’5 m? Center Height: !4-9 m Area: !0-35 m? Center Height: !4-9 m
Orientation: lHorizontaI hd 1 Orientation: iHorizontaI - i

Flow Rate: lﬁ.?‘l 1792 m™3/s Initial Opening Fraction: !D.Z
Begin Dropoff At ;Zﬂ‘ﬂ Pa Change Fraction At: !125 8
Zero Flow At: 134}[? Pa Final Opening Fraction: !1

Filter Efficiency: iﬂ %
Begin Filter At: ’ﬂ E

Open Save Geometry Run I

2 Errors or Messages Waming: Mechanical flow vent 2. Flowrate is more than 10 air changes per hour out of compartment.

Fire PRA Workshop, 2013, Charlotte, NC Slide 23 A Collaboration of U.S. NRC Office of Nuclear Rc_agu/atory
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I CFAST — Smokeview rendering of MCR fire

Frame: 128

Time: 1200 [—

Fire PRA Workshop, 2013, Charlotte, NC Slide 24 A Collaboration of U.S. NRC Office of Nuclear R(_agulatory
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FDS — Smokeview rendering of MCR fire
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I Step 4. Calculate Fire-Generated Conditions

Temperature near Operator

140
= e= e = FPA (Purge)
120 CFAST (No Vent.) |
G 100 e e» «» «» CFAST (Purge)
;’ FDS (No Vent.)
S 80 e e» «» = DS (Purge)
®
o 60
o
S 40
|
20
O T T T T T
0 600 1200 1800 2400 3000 3600
Time (s)
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I Step 4. Calculate Fire-Generated Conditions

HGL Height

6
CFAST (No Ventilation)
° e DS (No Ventilation) i
E 4
> 3
@
2 AN
2 \___\
1 W
O T T T T T
0 600 1200 1800 2400 3000 3600
Time (s)
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I Step 4. Calculate Fire-Generated Conditions

Heat Flux to Operator

1.0
== «» «=» » F|VE (Purge)
CFAST (No Vent.)

—~ 08 CFAST
& - o oo (Purge)
§ e DS (NO Vent.)
3 0.6 — o= e e » FDS (Purge)
x / \
=
w 04
©
Q
T 02

00 - , , , LA~ -

0 600 1200 1800 2400 3000 3600
Time (s)
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Step 4. Calculate Fire-Generated Conditions

Optical Density near Operator

60.0 ———= SFPE (Purge)
CFAST (No Vent.)

0.0 |- CFAST (Purge) /‘/
FDS (NoVent.)

400 |ccaa- FDS (Purge)

Optical Density (1/m)

0 600 1200 1800 2400 3000 3600
Time (s)
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Step 5. Sensitivity and Uncertainty Analysis

» Uncertainty Analysis quantifies the model uncertainty
— List the predicted quantities and the critical values of these quantities

» Sensitivity Analysis can be used to assess parameter uncertainty

0.014
0.012 - Adjusted Model Prediction
0.010 H
0.008 H
0.006 -

0.004 -

Probability Density Function

0.002 -

= Model Prediction

0.000

Fire PRA Workshop, 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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Step 5. Sensitivity and Uncertainty Analysis

Table A-4. Summary of the model predictions of the MCR scenario.

s ) el | Predicted | Critical | Tropapility
Model Factor, Deviatlon, Ventilation Value Value of _
) Oy Exceeding
Temperature (°C), Initial Value = 20 °C
FIVE-Rev1
(FPA) 1.56 0.32 70 95 0.000
CFAST 1.06 0.12 Purge 61 95 0.000
FDS 1.03 0.07 48 95 0.000
CFAST 1.06 0.12 No Vent. 82 95 0.009
FDS 1.03 0.07 70 95 0.000
Heat Flux (kW/m?
FIVE-Rev1 1.42 0.55 0.4 1 0.000
CFAST 0.81 047 Purge 0.1 1 0.000
FDS 0.85 0.22 0.2 1 0.000
CFAST 0.81 0.47 No Vent. 0.6 1 0.228
FDS 0.85 0.22 0.4 1 0.000
Optical Density (m™)
CFAST 2.65 0.63 7.6 3 0.471
Purge
FDS 2.7 0.55 0.5 3 0.000
CFAST 2.65 0.63 No Vent 54 3 0.912
FDS 27 0.55 © vent 31 3 0.909
Fire PRA Workshop, 2013, Charlotte, NC Sllde31 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Step 5. Sensitivity and Uncertainty Analysis

A.5.1 Temperature Criterion

The HGL temperature and height predictions are summarized in Table A-4 and are shown in
detail in Figure A-12. None of the analyses imply that the temperature tenability limit would be
exceeded by a fire of this type, regardless of the ventilation system. It is important to note that
neither the FPA correlation nor CFAST estimate the temperature at the operator location
specifically. For the purpose of assessing habitability, the HGL temperature is used to
approximate the flux condition to which the operator would be exposed, regardless of whether
the HGL descends to the operator’'s height. This means that the FPA and CFAST analyses
have an extra level of conservatism built in for this particular case.

The FPA correlation predicts a peak HGL temperature of 70 °C (158 °F) when the smoke purge
system is on, but, based on the CFAST calculation, it is expected that the layer height would not
descend to the operator level if the purge system were in operation.

CFAST predicts that the HGL temperature reaches just above 80 °C (176 °F) in 20 min when
the smoke purge system is off. The HGL descends to 2 m (6.6 ft) above the floor in
approximately the same amount of time and thus remains above the head of the operator.
When the smoke purge system is on, CFAST predicts that the peak HGL temperature reaches
approximately 60 °C (140 °F), but that the smoke layer does not descend beyond a meter below

the ceiling due to the operation of the smoke exhaust system. This is in contrast to the
assumption that the enclosure is well-stirred when using the FPA model.
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Step 5. Sensitivity and Uncertainty Analysis

The FDS predictions of HGL temperature are lower than those of the other models because
FDS accounts for the mixing of heat and smoke with ambient air due to the high purging flow,
since it models flow within the compartment in detail.

The HGL temperature is largely a function of the amount of energy from the fire that is carried
aloft in the smoke plume. The model simulations have all assumed, based on data from the
SFPE Handbook, 4" edition, that the convective fraction of the HRR is relatively low for the kind
of cables under consideration. Typically, it is expected that approximately 65% of the fire’s
energy is lofted upwards in the plume, whereas in this case the models have all assumed a
convective fraction of only 47% (one minus the radiative fraction). The consequence of this
assumption is that the HGL temperature might be lower than one would expect from a typical
fire because a higher percentage of its energy is assumed to be radiated away. Referring to
Table 4-3, the HGL temperature rise is proportional to the HRR to the two-thirds power. For the
purpose of this analysis, the HRR can be regarded as the convective HRR. If the convective
HRR were increased by 38%, the HGL temperature rise would increase by approximately two-
thirds of 38%, or 25%. This would have the effect of increasing the CFAST-predicted
temperature rise from 60 °C (140 °F) to 75 °C (167 °F). Given an ambient temperature of 20 °C
(68 °F), this means that if CFAST were to use the conventional 35% radiative fraction (65%
convective fraction), its r:mrc—:-clic:’[ic:nn""1 of the HGL in the no-ventilation case would be
approximately 95 °C (203 °F), the critical value for abandonment. A similar argument can be
made for the other HGL predictions.
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Step 5. Sensitivity and Uncertainty Analysis

A.5.2 Heat Flux Criterion

In the fire scenario that includes the operation of the smoke purge system, none of the models
predict that the heat flux to the operator exceeds the tenability criterion (see Figure A-13). In

fact, CFAST and FDS estimate a peak flux of approximately 0.1 kW/m?, a value that is one-tenth
the critical value. With the smoke purge system turned off, FDS predicts a peak heat flux of
0.4 kW/m? and CFAST predicts 0.6 kW/m”. However, as in the case of the HGL temperature
criterion, it is important to consider the ramifications of the decision to use a radiative fraction of
53% rather than a value more typical of most fires, 35%. Table 4-3 suggests that the heat flux
is proportional to the HRR to the four-thirds power. If the models were to use a radiative fraction
of 35% rather than 53%, the convective HRR would be 38% greater, in which case the heat flux
from the HGL layer onto the operator could increase by as much as 4/3 times 38%, or 50%.
Referring to Figure A-13, this would have the effect of increasing the CFAST prediction from
0.6 kW/m? to 0.9 kW/m?, close to the critical value of 1 kW/m?. In fact, the validation study
documented in NUREG-1824 (EPRI 1011999) indicates that CFAST tends to underpredict the
total heat flux by 19%, on average. Given this fact and the discussion above on the HGL
temperature, it should be noted that in the unventilated case, CFAST predicts that the HGL
would descend to a level comparable in height to the operator (approximately 2 m), and it is
reasonable to conclude that the operator would be exposed to a heat flux comparable to the
habitability threshold.
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Step 5. Sensitivity and Uncertainty Analysis

A.5.3 Visibility Criterion

The optical density results are shown in Figure A-14. As with temperature, the CFAST
prediction is based on its upper layer smoke concentration calculation, whereas that of FDS is
based on the actual operator location. The simple algebraic techniques described in A.4.1 and
CFAST both predict that the optical density will exceed the critical threshold, even when the
purge system is on. FDS, however, predicts a much lower optical density in the purge mode
scenario for two reasons. First, FDS does not limit the transport of smoke to a descending layer
like CFAST; and, second, FDS does not uniformly mix the smoke over the entire compartment
volume like the simple algebraic model. As the operator stands relatively close to two supply
vents, the supplied fresh air keeps this vicinity clearer than other areas.

When the smoke purge system is off, FDS predicts that the visibility tenability criterion will be
exceeded at the operator position in about 12 min. Such conditions would force abandonment
of the MCR. CFAST predicts that the visibility tenability criterion would be exceeded in the
smoke layer in approximately 7 min, but it also predicts that the smoke layer remains above the
operator's head throughout the fire simulation, which suggests that the MCR would not need to

be abandoned. The fact that the HGL remains above 2 m (6.6 ft) is partially an artifact of the
zone model. There is no mechanism in CFAST for the smoke layer to descend below the base
of the fire; a fire with a lower base height could result in a lower HGL elevation.
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Step 5. Sensitivity and Uncertainty Analysis

There is considerable uncertainty in the smoke yield of real fires, especially in cases where the
fire might be under-ventilated inside of a cabinet. A value of 0.175 (kg soot per kg fuel
consumed) was chosen for the smoke yield in the models, even though literature values range
from 0.01 to 0.2 (kg soot per kg fuel consumed), depending on the fuel. In addition to the
uncertainty in the specified input value of the smoke yield, the NRC/EPRI V&V study (NUREG-
1824 (EPRI 1011999)) indicates that both CFAST and FDS overestimate measured smoke
concentrations, on average, by factors of 2.65 and 2.70, respectively. In light of these
uncertainties in both models and in the input parameters, it is prudent to consider the sensitivity
of the simulation results to the selected value of the smoke yield. Table 4.3 indicates that the
optical density is directly proportional to the smoke yield. This means that if the smoke yield is
doubled, the predicted optical density is doubled as well. The curves in Figure A-14 can easily
be adjusted to show the effect of a variation in the smoke yield, but the predicted abandonment
times in the unventilated scenario do not change significantly with changes in the smoke yield.
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Step 6. Document the Analysis

[
* Follow the steps; clearly explain the entire process

* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references
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Step 6. Document the Analysis

A.6 Conclusion

A fire modeling analysis has been performed to assess the habitability of the MCR in the event
of a fire within an isolated electrical cabinet. The fire is not expected to spread to other
cabinets. Of the three MCR abandonment criteria, it is most likely that the operators would be
forced to abandon the MCR because the optical density would surpass 3 m™ approximately 12
minutes after the fire ignites if the smoke purge system is not activated before this time,
according to the FDS analysis. A simple analytical method and the zone model CFAST indicate
that the optical density would exceed the critical value with the smoke purge system on and with
the ventilation system turned off. However, these analyses are based on several important
conservative assumptions. For the smoke purge case, the analytical method conservatively
descend to the level of the operator in either the purge or no-ventilation scenario based on the

specified conservative assumptions, at least for a fire having a base height of 2 m (6.6 ft).
reports me opucal aensity of tNe UppPEer Iayer, DUl does NOtL predict inat tne upper layer wouia
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Step 6. Document the Analysis
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Step 1. Define Fire Modeling Goals

 Estimate the effects of fire in a cabinet in a Switchgear
Room on nearby cable and cabinet targets.

« Switchgear Room contains safety-related equipment for
both Train A and Train B that are not separated as
required by Appendix R.

* The purpose of the calculation is to analyze this condition
and determine whether these targets fail, and, if so, at
what time failure occurs.

* Follow guidance provided in Chapter 11 of NUREG/CR-
6850 (EPRI 1011989), Volume 2, “Detailed Fire Modeling
(Task 11).”
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Step 2. Characterize Fire Scenarios

» General Description
* Geometry
» Materials
 Ventilation
* Fire
* Fire Protection Systems
— None credited for this scenario
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Material Properties

Table 3-1. Material properties.

il Density Specific Heat
Material Conductivity (k Img} (kJ/kg/K) Source
(W/m/K) g g
Brick 0.8 2600 08 NUREG-1805, Table 2-3
Concrete 1.6 2400 0.75 NUREG-1805, Table 2-3
Copper 386 8954 0.38 SFPE Handbook, Table B.6
Gypsum 017 960 1.1 NUREG-1805, Table 2-3
Plywood 0.12 240 2.5 NUREG-1805, Table 2-3
PVC 0.192 1380 1.289 NUREG/CR-6850, Appendix R
Steel 24 7850 0.465 NUREG-1805, Table 2-3
XLP 0.235 1375 1.390 NUREG/CR-6850, Appendix R
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Ventilation

 Design flowrate specified for each of three supply and

return registers.

* Normal operation continues during the fire.
» Leakage — often the “leakage area” is the area of the

crack under the door.

« Exact supply and exhaust location only important for CFD.

« Zone models usually only consider height of ducts off floor
and orientation of the vent.
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Fire

Table G-1
Recommended HRR Values for Electrical Fires
HRR T
Ignition Source kW (Btu/s) Gamma Distribution
75th | 98th o B
Vertical cabinets with qualified cable, fire limited to 69’ 211° 0.84 59.3
one cable bundle (65) (200) (0.83) (56.6)
Vertical cabinets with qualified cable, fire in more than 211°% 702° 07 216
one cable bundle (200) (665) (0.7) (204)
Vertical cabinets with unqualified cable, fire limited to 90* 211 ° 1.6 415
one cable bundle (85) (200) (1.6) (39.5)
_—
Vertical cabinets with unqualified cable, fire in more 232° 464 ° 2.6 67.8
than one cable bundle closed doors (220) (440) (2.8) (64.3)
Vertical cabinets with unqualified cable, fire in more 232° 10027 0.46 386
than one cable bundle open doors (220) (950) (0.45) (366)
e 69 211° 0.84 59.3
Pumps (electrical fires) (65) (200) (0.83) (56.6)
s 32 69 2.0 1.7
Motors (30) (65) (2.0) (11.1)
. . 3 142 317 1.8 57.4
Transient Combustibles (135) (300) (1.9) (53.7)

HRR (kW)
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HRR taken from Appendix G, NUREG/CR 6850 (EPRI 1011989)
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Fire

Original fire source is specified atop the
central cabinet.

FLASH-CAT model (NUREG/CR-7010,
Volume 1) is used to determine the ignition,
flame spread and extinction of the cables
above the original fire source.

Fire PRA Workshop, 2013, Charlotte, NC Slide 47

Module 5: Advanced Fire Modeling o

1800
1600
1400
1200
1000
800
600
400
200
0

HRR (kW)

Heat Release Rate

CFAST | |

— DS

0

600 1200 1800 2400 3000 3600

Time (s)

A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)



Fire

What is burning?

Cables made of polyethylene (C,H,) and polyvinylchloride (C,H;ClI).

Assume effective fuel: C,H; :Cl, -

Table B-1. Products of combustion for switchgear room cabinet and cable fire.

Parameter Value Source

Effective Fuel Formula C5H35Cly 5 Combination of polyethylene and PVC
Peak HRR 464 kW NUREG/CR-6850 (EPRI 1011989), App. G
Heat of Combustion 20,900 kJ/kg SFPE Handbook, 4th Ed., Table 3-4.16
CO- Yield 1.29 kg/kg SFPE Handbook, 4th Ed., Table 3-4.16
Soot Yield 0.136 kg/kg SFPE Handbook, 4th Ed., Table 3-4.16
CO Yield 0.147 kg/kg SFPE Handbook, 4th Ed., Table 3-4.16
Radiative Fraction 0.49 SFPE Handbook, 4th Ed., Table 3-4.16
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Step 3. Select Fire Models

 Algebraic Models: FPA algorithm in FIVE provides
estimate of HGL temperature within a closed, ventilated
compartment. FDTs do not allow for time-dependent
HRR. Both FIVE and FDTs can estimate heat flux from a
fire to a target.

« Zone Models: Both CFAST and MAGIC include
algorithms to estimate the heat flux to and temperature of
cable targets.

« CFD: Typical application of FDS. The primary advantage
of a CFD model for this fire scenario is that the CFD
model can predict local conditions at the specific location
of the target cables and adjacent cabinet.
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Applicability of Validation

Table B-2. Key parameters and their ranges of applicability to NUREG-1824 (EPRI

1011998).
. . . Validation In
Cuantity Normalized Parameter Calculation Range Range?
. @
==
pmr_r,T,:D g
_ 164 kW vk
Fire Froude T (L2 kg/m®)(L.0 kI /kg/K) (293 K) (04825 m?5) /9.8 m/sZ
Number .. ) 04-24 Mo
¢= PetpT. D35 g
) 1600 kW .14
T (1.2 kg/m?) (1.0 KI/kg/K)(293 K)(125 m25), /0.8 m/sE
Hi+ly 24m+21m
Flame Length, Ly, H 61m
relative to the 02-10 Yes
Ceiling Height, He | ;. _ p (370" - 102) = 048 m (3.7 x 26°% - 1.02) =24 m
Ceiling Jet Radial
Dlst_ance,rc_, MfA — Ceiling jet targets are not included in simulation. 1.2-1.7 A
relative to the
Ceiling Height, H.
i i . 1590 £ = 0,31 (hased on peak fire size)
Equwalelncg- Ratio, | ¢ = Tig, Mo, — T3.1000/kpx0atgs — O p
@, as an indicator of 0.04 -06 Yes
the Ventilation Rate e = 023 ol = B .
fp, = 0.23 p.V = 0.23 ¥ L2kg/m" x L4 m*/s = 0.4 kg/s
Compartment L 265m W 185m _E
Target Distance, r, r  15m
relative to the Fire —=——— =31 22-57 Yes
Diameter, D D 04Em
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Step 4. Calculate Fire-Generated Conditions

Figure B-2. Schematic diagram of cabinet fire in switchgear room.
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Step 4. Calculate Fire-Generated Conditions

Plume temperatures - Heskestad correlation
1000
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Time (s)

Figure B-3. Plume temperatures at cable trays located above cabinet fire.
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Step 4. Calculate Fire-Generated Conditions

Table B-3. Summary of input parameters for FPA analysis of switchgear room scenario.

Parameter Value Source

Room height (H) —52-r Figure B-1 Should be 6.1 m

Room length (L) 26.5m Figure B-1
Room effective width (W,) 18.5m Calculation

Room boundary material Concrete Figure B-1. See Table 3-1 for properties.
Mech. Ventilation rate (V) 142 m’Is From scenario description
Fire elevation (Hy) 24 m From scenario description of cabinet height
and vent location.

Ambient temperature (T,) 20°C Specified

Fire parameters | See Table B-1

Temperature: The FPA HGL temperature correlation for mechanically ventilated spaces is
expressed in non-dimensional terms as:

: 0.72 —0.36
AT h,A
2 _ 0632 A (B-4)
T e, To, me,
Fire PRA Workshop, 2013, Charlotte, NC Sllde53 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)



Step 4. Calculate Fire-Generated Conditions

HGL temperature calculation - FPA correlation
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Figure B-4. Average HGL temperature from FPA correlation for switchgear room cabinet
fire scenario.
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CFAST — Geometry and material selection
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CFAST - Fire specification
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Figure B-7. CFAST fire specification inputs for the SWGR scenario.
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CFAST — Mechanical ventilation
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Figure B-8. CFAST mechanical ventilation inputs for the SWGR scenario.
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CFAST - Cabinet and cable targets
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Figure B-9. CFAST inputs for cabinet and cable targets for the SWGR scenario.
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I CFAST — Smokeview rendering of SWGR fire

Frame: 148

me:
e sn0

Figure B-5. Average CFAST/Smokeview rendering of Switchgear Room.
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FDS — Smokeview rendering of SWGR fire
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FDS — Smokeview rendering of SWGR fire

Figure B-11. FDS/Smokeview rendering of the SWGR fire showing localized ignition of
extinction of secondary cable fires resulting from initial cabinet fire.

Fire: The initial fire source is modeled as a 0.6 m (2 ft) x 0.3 m (1 ft) “gas burner” atop the
central cabinet with the specified HRR. This is meant to represent a fire that burns near the top

of the cabinet and exhausts through the vent. The ignition and growth of the cable fire is based
on the empirical FLASH-CAT model described above. Figure B-11 shows a snapshot of the

burning cable during the simulation.
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Step 4. Calculate Fire-Generated Conditions
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Figure B-12. Heat release rate inputs to CFAST and FDS for a SWGR cabinet fire scenario.
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Step 4. Calculate Fire-Generated Conditions

Cable Tray A Temperature
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Figure B-13. Estimated temperatures for Cable Tray A directly above the fire source for a
SWGR cabinet fire scenario.

Fire PRA Workshop, 2013, Charlotte, NC Slide 63
Module 5: Advanced Fire Modeling ...........................................

A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)




Step 4. Calculate Fire-Generated Conditions

Table B-5. Estimated time to ignition of lowest cable tray by CFAST for the SWGR
cabinet fire.

Ignition Criterion Time
Gas temperature = 205 °C 270 s
Cable temperature 2 205 °C 860 s
Heat flux = 6 kW/m* 490 s
Heat flux = 15 kW/m* 740 s
Flame impingement 490 s
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Step 4. Calculate Fire-Generated Conditions

Cabinet A Temperature Cabinet A Heat Flux
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Figure B-14. Estimated temperature and heat flux to a cabinet adjacent to the fire source
in a SWGR cabinet fire scenario.
Fire PRA Workshop, 2013, Charlotte, NC | S Ild965 A Collaboration of U.S. NRC Office of Nuclear Regulatory

Module 5: Advanced Fire Modeling = i Research (RES) & Electric Power Research Institute (EPRI)



Step 5. Sensitivity and Uncertainty Analysis

Table B-4. Summary of the model predictions of the cabinet fire scenario.

Bias Standard - " Probability
Model Factor, Deviation, Location Prsg; E':;Ed %;'3:' of
) Oy Exceeding
Temperature (°C), Initial Value = 20 °C
CFAST 1.00 0.27 Cable Tray A 335 205 0.937
FDS 1.02 0.13 755 205 1.000
CFAST 1.00 0.27 Cabinet A 168 205 0.177
FDS 1.02 0.13 136 205 0.000
Heat Flux (kW/m?)
CFAST 0.81 0.47 Cabinet A 5.3 6 0.576
FDS 0.85 0.22 4.2 6 0.159
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Step 5. Sensitivity and Uncertainty Analysis

B.5.3 Parameter Uncertainty Propagation

The analysis above has shown that a 98" percentile cabinet fire is likely to damage cables in
the tray above the cabinet but unlikely to damage adjacent cabinets. However, for some PRA
applications, it may be necessary to calculate the probability of cable damage for any fire within
the cabinet, not just the 98" percentile fire.

Figure B-15 displays the distribution’” of peak heat release rates for cabinets with more than
one bundle of ungualified cable (NUREG/CR-6850, Appendix G). The analysis described above
made use of the 98™ percentile fire from this distribution, whose peak is 464 kW.

HRR Distribution

0.005

0.004

0.003

0.002

0.001

Probability Density Function

0.000

0 100 200 300 400 500 60cC
Heat Release Rate (kW)

Figure B-15. Distribution of HRR for an electrical cabinet fire.
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Step 5. Sensitivity and Uncertainty Analysis

Applying Heskestad's flame height correlation to the entire range of HRR, now taken as a
random variable, leads to a distribution of flame height shown in Figure B-16.

1.0

Flame Height Distribution

0.8
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0.2 /
0.0 |

1 1.5

2 2.5 3

Flame Height (m)

Figure B-16 Distribution of flame heights for the entire range of cabinet fires.
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Step 5. Sensitivity and Uncertainty Analysis

Flame Height Distribution
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Figure B-16 Distribution of flame heights for the entire range of cabinet fires.

The cable tray is 1.5 m (4.9 ft) above the top of the cabinet. The probability that the flames from
a randomly chosen fire will reach the cables is equal to the area beneath the curve in Figure B-
16 for flame heights greater than 1.5 m (4.9 ft), or approximately 0.31. Consistent with the
guidance in NUREG/CR-6850, this resulting probability can be used as the "severity factor" for
the guantification of corresponding fire ignition frequencies.
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Step 6. Document the Analysis

[
* Follow the steps; clearly explain the entire process

* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references
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Step 6. Document the Analysis

B.6 Conclusion

This analysis has considered the potential that a fire in an electrical cabinet in a 4160 V SWGR
will damage overhead cables and adjacent electrical cabinets. Algebraic equations from the
FDTs and FIVE-Rev1, including the Heskestad flame height correlation and the Heskestad
plume temperature correlation, were used for screening purposes, to evaluate the potential for
damage as well as to determine whether more detailed analysis with CFAST and FDS was
warranted. The algebraic equations demonstrate that the calculated flame height from the
cabinet fire would be high enough to potentially ignite the lowest of the three horizontal cable
trays located directly above the cabinet fire. They also demonstrate that the calculated fire
plume temperatures are high enough at all three horizontal cable trays located directly above
the cabinet fire to potentially damage cables in all three trays. As applied in this scenario, the
algebraic equations demonstrate that a more detailed analysis with CFAST and FDS is
warranted.

The more detailed analyses with CFAST and FDS demonstrate that the cabinet fire is likely to
fail the electrical cables in the lowest cable tray directly above the cabinet fire in approximately
10 min. The additional cable trays directly above the lowest tray ignite in turn. However, based
on analyses of both CFAST and FDS, it is unlikely that the fire would damage the adjacent
cabinets because the incident heat flux and smoke temperature are too low.
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Step 1. Define Fire Modeling Goals

* Determine whether important safe-shutdown equipment
within a pump room will fail, and at what time failure
occurs

« Cables in pump room are protected by an Electrical
Raceway Fire Barrier System (ERFBS), but there is
concern that existing ERFBS will not provide required
protection

 Impact of opening door to pump room during fire is also
iInvestigated
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Step 2. Characterize Fire Scenarios

» General Description
* Geometry
» Materials

* Fire Protection Systems
— Detection / suppression not credited for analyzed scenario

* Ventilation
e Fire
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ERFBS and cable insulation data

Table C-1. Data for ERFBS and cable insulation.

Material Parameter Value*

Thickness (2 layers) 5cm
Ceramic Eiber Thermal conductivity 0.06 me,"g(

Insulation Dens.|t.y 128 kg/m
Specific heat 1.07 kd/kg/K
Emissivity 0.9
Diameter 15 mm
Jacket thickness 2 mm
Insulation/jacket conductivity 0.192 W/m/K

Cable Insulation/jacket density 1380 kg/m”

Insulation/jacket specific heat 1.289 kJ/kg/K
Mass per unit length 0.4 kg/m
Conductor mass fractions 33% PE/PVC, 67% copper

*Source: Product literature (ERFBS) and NUREG/CR-6850 (EPRI 1011989), Volume 2, Appendix R
(PVC cable insulation).
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Fire

Fire: The fire starts following an accidental release of 190 L (50 gal) of lubricating oil. The spill
Is contained by the dike. Lubricating oil is a mixture of hydrocarbons, mostly alkanes, which
have the chemical formula C,Han.2 (with n ranging from 12 to 15). For the purpose of modeling,
the fuel is specified to be C4H30. Fuel properties for the lubricating oil are summarized in Table
C-2. The properties obtained from NUREG-1805 correspond to those for transformer oil, based
on the statement in Table 3-4 in NUREG-1805 that lubricating and transformer oils are similar.

Table C-2. Data for lubricating oil fire.

Parameter Value Source
Effective Fuel Formula CnHans2 Specified as CqaH3g
Mass burning rate 0.039 kg/s.m’ | NUREG-1805 Table 3-4
Fuel volume 190 L Specified
Fuel density 760 kg/m® NUREG-1805 Table 3-4
Heat of Combustion 46,000 kJ/kg | NUREG-1805 Table 3-4

Heat of Combustion per unit

13,100 kJ/kg | Huggett 1980, Average value
mass of oxygen consumed
CO2 Yield 2.64 kg/kg SFPE Handbook, 4" ed., Table 3-4.16*
Soot Yield 0.059 kg/kg | SFPE Handbook, 4" ed., Table 3-4.16*
CO Yield 0.019 kg/lkg | SFPE Handbook, 4™ ed., Table 3-4.16*
Radiative Fraction 0.34 SFPE Handbook, 4™ ed., Table 3-4.16*

Mass Extinction Coefficient 8700 m?/kg | Mulholland and Croarkin (2000)
*Material identified as “Hydrocarbon” in SFPE Handbook was used to derive the properties.

Fire PRA Workshop, 2013, Charlotte, NC Slide 6 A Collaboration of U.S. N_RC Office of Nuclear Regu/atory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




Ventilation

* One supply and one return, each 0.5 m?
* Flow rate is 0.25 m3/s

* One closed door, 1.1 mby 2.1 m
« Leakage — 1.3 cm (1/2 in) gap under door

* Door opens after 10 min
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Step 3. Select Fire Models

 Algebraic Models: Nothing to estimate HGL temperature
in a flashed over compartment. Hand calculation used to
evaluate oxygen availability in closed ventilated room

« Zone Models: In flashover situation, zone models
transition from 2 zones to 1.

« CFD: Challenging scenario because of under-ventilated
conditions
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Table C-3.

Normalized parameter calculations for the pump room fire scenario.

. . . Validation In
Quantity Mormalized Parameter Calculation Range Range?
e
Fire Froude pecpT=D5 (g
Number ~ 4934 KW 05 04-24 Yes
(L2kg/m®)(L0 K/ kg K)(293 K)(L92° m2%),/08 m/s2
Flame Length, L 48m
gH gnt. Ly=D(37 Q"7 —102)=1.9m (3.7 % 0.93%% — 1.02) = 4.8m
R ;
Ceiling Jet
Radial
Distance,r,
SRSl NIA 12-17 N/A
relative to the
Ceiling Height,
He
Equivalence o= e 4934 kw ~ss
Ra’qo, ¢, A5 an " AHg,rhg, 13,100 K[/kg % 0.07 kg/s 0.04—06 No
indicator of the
Ventilation Rate Mg, =023 p " = 0.23 ¥ 1.2 kg/m? x 0.25 m¥/s = 0.07 kg/s
Equivalence e 4934 kW ~ 0.99
Ratio, o, as an ® = BHg, mo, 13,100k /kg X 0.36kg/s
indicator of the 0D04-08 Mo
Opening thg, = 0.23-0.54,, =0.23 X 0.5 % 231 m? V21 m = 0.38 kg/s
Yentilation
Compartment L S4m W _28m | _
Aspect Ratios H.  45m ™ 19 H, 49m™ 06 06-57 ves
Target Distance,
r, relative to the MiA 22-57 MIA

Fire Diameter, D

Motes:
(1)
(2)

The non-dimensional parameters are explained in Table 2-5.
The equivalent fire diameter, D = /44 /m, where 4 is the area of the spilled

lubricating oil.




C.4.1 Calculation of Oxygen Availability

At the start of the scenario, the mechanical ventilation is operational, the door is closed, and the
fire output immediately jumps to the peak heat release rate (HRR) with a total spill area of
approximately 2.75 m? (29.6 ft?), as shown in the hatched area of Figure C-1. The peak HRR,

0, is computed from the fuel mass burning rate, m", the heat of combustion, AH, and the
specified area of the spill, A:
Q =m" AH A = 0.039kg/m? /s x 46,000 k] /kg x 2.75 m? = 4,934 kW (C-1)

The oxygen needed to sustain the fire is calculated from the following equation:

Q  4934kW
AHo, 13,100 k]/kg

= 0.377 kg/s (C-2)

where AH,, is the heat of combustion per unit mass of oxygen consumed. The quantity of
oxygen provided by the ventilation system is calculated by multiplying the oxygen content (0.23)
by the density and the ventilation rate of the air:

0.23 p,,V =0.23 x 1.2 kg/m? x 0.25 m?/s = 0.069 kg/s (C-3)



The oxygen provided by the ventilation system is much lower than the amount needed to
sustain the fire. The oxygen initially in the room can provide the additional oxygen needed for
combustion for a short time. The available oxygen in the room, calculated from the room
dimensions (Table C-4), is:

0.23 po, LWH, = 0.23 x 1.2 kg/m? x (2.81 x 9.39 x 4.9) m® = 35.7 kg (C-4)

The oxygen initially in the room can sustain the fire for an amount of time equal to the oxygen
quantity in the room divided by the consumption rate minus the ventilation supply rate, as shown
below:

35.7 kg
(0.377 kg/s — 0.069 kg/s)

=116 (C-5)

Equation C-4 assumes that all the oxygen within the room can be consumed by the fire. This
establishes an upper limit to the burning duration before the fire becomes ventilation-limited.
After 116 s, the size of the fire is maintained only by the ventilation system and is limited to:

0.069 kg/s x 13,100 k] /kg = 904 kW (C-6)

These results show that the oxygen supply available to the room will only allow a fire of reduced
size to burn until the door is opened (under-ventilated condition).



Step 4. Calculate Fire-Generated Conditions
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Step 4. Calculate Fire-Generated Conditions

Fire: ltis assumed that the lubricating oil is preheated prior to the spill, such that the HRER
reaches the peak immediately upon fire initiation, as shown in the HRR curve plotted in Figure
C-3. The lower oxygen level is assumed to be 10%. Using the specified spill area and volume,
the spill depth is calculated as 0.069 m (0.23 ft).

The fire is modeled as a single circular area of equivalent diameter. The actual entrainment for
the pool fire is proportional to the perimeter of the fire, which is significantly greater than the
perimeter of the assumed circular area. However, the enclosure is small and the smoke filling
rates are expected to be short regardless of the assumed fire shape.

The fire duration, At, is determined from the pool depth, &, density, p, and burning rate, "

_dp 0.069m x 760 kg/m>

o 4 mi C-7
. 0039 kg/mijs o 13455 (22.4 min) (C-7)

At
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Figure C-3. Heat release rate curve for lubricating oil fire.



Step 4. Calculate Fire-Generated Conditions

Heat Release Rate Heat Release Rate
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Figure C-9. Heat Release Rate Predicted by Hand Calculations, MAGIC, and FDS for the
Pump Room Fire Scenario.



Step 4. Calculate Fire-Generated Conditions

HGL Temperature ERFBS Cable Surface Temperature
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Step 4. Calculate Fire-Generated Conditions

HGL Temperature
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Figure C-11. HGL Temperature Predicted by MAGIC and FDS for the pump room fire
scenario.



Step 4. Calculate Fire-Generated Conditions

Comparison to the Standard Fire Endurance Temperature Curve

Figure C-11 includes the standard ASTM E119 temperature curve to which the ERFBS was
subjected during its qualification test. The predicted HGL temperatures of both MAGIC and
FDS fall below this curve during most of the hour-long simulation, but there is a period near the
beginning of the fire where the models’ predicted temperatures exceed the standard curve. In
order to compare the relative exposure of the ERFBS, it is necessary to consider the integrated
incident heat flux corresponding to the model HGL predictions and the ASTM E 119
temperature curve. The integrated heat flux is given by the following formula:

1 3600
q" = J g (t) dt = f o(T*—T& + h(T —T,) dt (C-11)
fg D‘

Applying Eq. (C-11) to each of the HGL temperature curves in Figure C-11 yields values of

346 MJ/m? for the ASTM E119 curve and approximately 40 MJ/m? for both FDS and MAGIC.
This 40 MJ/m? exposure corresponds to an approximately 14 min exposure within the standard
test furnace. Table C-6 lists the thermal exposure as a function of time in the standard test
furnace. It is also significant to note that the maximum predicted exposure temperature remains
lower than the maximum exposure temperature that the ERFBS protected raceway was
exposed to during the ASTM E119 fire test.



Step 4. Calculate Fire-Generated Conditions

Table C-6. Integrated thermal exposure of an object subjected to the ASTM E119
temperature curve.

Time Thermal
(min) Expnsuzre
(MJ/m?)
5 6
10 23
15 47
20 75
25 104
30 135
35 167
40 200
45 235
50 270
55 307
60 346




Step 5. Sensitivity and Uncertainty Analysis

Table C-5. Summary of the model predictions of the pump room scenario.

Bias Standard
Model Factor, Deviation,

Predicted Critical Probability of
Value Value Exceeding

Cable Temperature (°C)

MAGIC 1.19 0.27 135 205 0.000
FDS 1.02 0.13 145 205 0.000
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Step 5. Sensitivity and Uncertainty Analysis

Sensitivity of the ERFBS Construction

Comparing Figures C-11 and C-12 shows that the ERFBS has a large impact on the
temperature of the target cable. To determine the sensitivity of the target cable temperature to
the insulation installation technique, two additional MAGIC cases are run. In the first case (file:
Pump_Room_thinner_wrapping.cas.), the thickness of the ceramic insulation blanket is reduced
by 25% to 0.0375 m. In the second case (file: Pump_Room_tighter_wrapping.cas.), the
thickness of the ceramic insulation blanket is reduced by 25% while the density is increased to
171 kg/m?®, such that the mass per area remains constant, which simulates a tighter installation
of the insulation. The results, plotted in Figure C-13, show that both cases led to a higher cable

temperature.
Cable Surface Temperature
Inside ERFBS
160
140 E -
f" ’f—_
o 120 7
= ’
o 100 " /
’
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"éi 60
|E 40 LS 7T Er?p;liﬁgte' M
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Time (s)
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Step 5. Sensitivity and Uncertainty Analysis

Sensitivity of the Door Size

As mentioned in Section C.3.3, the equivalence ratio for the pump room scenario falls outside of
the validation range. As a sensitivity test, MAGIC was run with the door area doubled, such that
the equivalence ratio falls within the applicable validation range (0.04 — 0.6) for the portion of the
simulation when the doors are open (file: Pump_Room_2Doors.cas), as calculated below:

g, = 0.23 - 0.54,,/h, = 0.23 x 0.5 x 4.62 m? V2.1 m = 0.77 kg/s (C-12)

Q0 4934 kW N
¥~ AH,, mo, 13,100 kj/kg x 0.77 kg/s

0.5 (C-13)

Figure C-14 shows the temperature comparison for the HGL and the cable surface temperature
(measured inside the ERFBS) for the base case and for the case with double doors. The plots
show that the results for both cases are very similar, indicating that the door size does not
significantly affect the results. Nevertheless, it is consistent with experimental data that the
scenario with the equivalence ratio closest to unity produces the highest enclosure temperature.
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Step 5. Sensitivity and Uncertainty Analysis

Temperature (°C)

HGL Temperature Cable Surface Temperature
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Figure C-14. Temperature predicted by MAGIC for increased door size.
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Step 5. Sensitivity and Uncertainty Analysis

The sensitivity case shows that (1) based on comparison to the ASTM E119 temperature curve,
the ERFBS system is not expected to fail under the predicted exposure temperatures, and (2)

based on the predicted cable surface temperature, further validation of the thermal properties of
the ERFBS is warranted as the surface temperature of the cable is close to the damage criteria.

Base Case Heat Release Rate Sensitivity Case Heat Release Rate
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000 pewwww—-————————] """ """ Input HRR |— 5000 4—m™m™™————————————— "7 E'*:;'"d‘?d —
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4000 4000 ]
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14 o
I I
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Figure C-15. HRR for base case and HRR sensitivity case.
Fire PRA Workshop, 2013, Charlotte, NC S/Id623 ''''''''''' A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)
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Step 5. Sensitivity and Uncertainty Analysis

Temperature (°C)
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Figure C-16. Temperature for base case and HRR sensitivity case.
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Step 6. Document the Analysis

* Follow the steps; clearly explain the entire process
* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references
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Step 6. Document the Analysis

C.6 Conclusion

This analysis has considered the potential for a relatively large lubricating oil spill fire in a
relatively small enclosure to damage a cable tray protected by an ERFBS. Algebraic
calculations, the zone model MAGIC, and the CFD model FDS were all used to evaluate the fire
conditions within the enclosure. MAGIC and FDS were used to calculate the thermal response
of the cables to these calculated fire conditions.

Based on the assumed lubricating oil spill area and burning characteristics, a fire of
approximately 5 MW is expected. However, after the rapid consumption of the limited quantity
of air in the room, the mechanical ventilation to the enclosure could only support a HRR of less
than 1 MW before the door to the enclosure opens after 10 min. This analysis suggests that to
avoid rapid fire escalation, doors to such rcoms should not be opened until firefighters are
prepared to suppress the fire, and, even then, the potential for rapid fire escalation should be
considered.
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Step 6. Document the Analysis

Two different strategies were applied to assess the integrity of the ERFBS. Because the
thermal and chemical properties of the insulating material are only partially known, it is practical
to implement an alternative technical approach of comparing the predicted HGL temperatures
from the models with the standard temperature curve under which the ERFBS received an hour
rating. Because the predicted HGL temperatures do not lie completely within the standard
curve, a simple integrated heat flux calculation was performed to demonstrate that the ERFBS
received approximately 10 times the thermal exposure in the standard fire endurance test than
is predicted by the two models.

A second strategy for assessing the integrity of the ERFBS was to directly calculate the heat
penetration through the insulating blankets using the thermal material properties of the cables
and the ERFBS. Both models predicted cable temperatures below the reported critical values.

Based on the two approaches to determine its performance, the ERFBS is expected to prevent
the cables from reaching temperatures that would limit their functionality in the event of a fire
involving burning spilled lubricating cil. This conclusion is based on certain assumptions
regarding the burning behavior of the lubricating oil during the under-ventilated stages. A
sensitivity study on the burning behavior of the lubricating oil concluded that the results could
change if the burning rate decreases during the under-ventilated stage. The results are also
shown to be sensitive to the thermal properties of the ERFBS material. Further research or
testing of the ERFBS thermal properties may be necessary to confirm the initial conclusion.
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Step 1. Define Fire Modeling Goals

* Determine if a fire in the Motor Control Center damages
nearby cables and cabinets in a switchgear room

» Define damage to both cables and cabinets as a surface
temperature of 400 °C
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Step 2. Characterize Fire Scenarios

» General Description

* Geometry

» Materials

* Fire Protection Systems
* Ventilation

* Fire
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otes:
Walls are made of Concrete.

Doors are made of Steel

Cabinets are made of Steel.

Dimensions are in meters, 1 m = 3.28 ft.
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Material Properties

Table 3-1. Material Properties

Thermal . g
Material Conductivity D: '}5'53’ Spij?;:c !I::eat Source
Brick 0.8 2600 0.8 NUREG-1805, Table 2-3
Concrete 1.6 2400 0.75 NUREG-1805, Table 2-3
Copper 386 8954 (.38 SFPE Handbook, Table B.6
Gypsum 017 960 1.1 NUREG-1805, Table 2-3
Plywood 0.12 240 2.5 NUREG-1805, Table 2-3
PVC 0.192 1380 1.289 NUREG/CR-6850, Appendix R
Steel a4 7850 0.465 NUREG-1805, Table 2-3
XLP 0.235 1375 1.390 NUREG/CR-6850, Appendix R
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Material Properties

Cables: The cable trays are filled with cross-linked polyethylene (XPE or XLPE) insulated
cables with a neoprene jacket. These are considered thermoset (TS) materials. These cables
have a diameter of approximately 1.5 cm (0.6 in), a jacket thickness of approximately 2 mm
(0.79 in), 3 conductors, and a mass per unit length of 0.4 kg/m. Tray locations are shown in the
compartment drawing. These particular cables have been shown to fail when the temperature
just underneath the jacket reaches approximately 400 °C (750 °F) (NUREG/CR-6931, Vol. 2,
Table 5.10'°). A second criterion for damage is exposure to a heat flux that exceeds 11 kW/m?
(NUREG-18035, Appendix A, Section A.5.4). Damage criteria for the adjacent cabinet are the
same as for the cable trays because the cables within the cabinet are subjected to similar
thermal exposure conditions as the steel cabinet housing.
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Ventilation

3 Air Changes Per Hour (ACH)
* Doors closed

« Compartment volume is 882 m3
« Volume flow rate is 0.735 mJ/s
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Fire

Table G-1
Recommended HRR Values for Electrical Fires
HRR .
Ignition Source kW (Btu/s) Gamma Distribution
75th 98th a B

Vertical cabinets with qualified cable, fire limited to 69 2112 0.84 59.3
one cable bundle (65) 200 (0.83) (56.6)
Vertical cabinets with qualified cable, fire in more than 211° 702° 0.7 216
one cable bundle (200) 665 (0.7) (204)
Vertical cabinets with unqualified cable, fire limited to 90* 1.6 415
one cable bundle (85) (200) (1.6) (39.5)
Vertical cabinets with unqualified cable, fire in more 232° 464 ° 2.6 67.8
than one cable bundle closed doors (220) (440) (2.6) (64.3)
Vertical cabinets with unqualified cable, fire in more 232° 10027 0.46 386
than one cable bundle open doors (220) (950) (0.45) (366)
. . s 69 211° 0.84 59.3
Pumps (electrical fires) (65) (200) (0.83) (56.6)
[ 32 69 2.0 1.7
Motors (30) (65) (2.0) (11.1)
) . 3 142 317 1.8 57.4
Transient Combustibles (135) (300) (1.9) (53.7)
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Fire

What is burning?

Cables made of polyethylene (C,H,) and neoprene (C,H;CI)

Assume effective fuel: C;H, :Cl, -

Table D-1. Products of combustion for the MCC fire.

Parameter Value Source
Effective Fuel Formula CsH45Cly s Combination of polyethylene and neoprene
Peak HRR 702 kW NUREG/CR-6850 (EPRI 1011989), App. G
Time to reach peak HRR 720 s NUREG/CR-6850 (EPRI 1011989), App. G

Heat of Combustion

10,300 kJ/kg | SFPE Handbook, 4th Ed., Table 3-4.16

CO; Yield 0.63 kg/kg SFPE Handbook, 4th Ed., Table 3-4.16
Soot Yield 0.175 kg/lkg | SFPE Handbook, 4th Ed., Table 3-4.16
CO Yield 0.082 kg/kg | SFPE Handbook, 4th Ed., Table 3-4.16

Radiative Fraction

0.53

SFPE Handbook, 4th Ed., Table 3-4.16
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Step 3. Select Fire Models

» Algebraic Models: FDTs can be used for the heat flux
calculation. Non-uniform ceiling height a problem for HGL
calculations in both FDTs and FIVE-rev1.

« Zone Models: Non-uniform ceiling is a problem. However,
CFAST can model the ceiling in terms of a non-uniform
cross-section or as adjacent compartments

* CFD: No particular issues for FDS. Two level ceiling is not
a problem. May want to use multiple grids.
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Applicability of Validation

Table D-2. Normalized parameter calculations for the MCC fire scenario.

. . . Validation In
Cluantity Normalized Parameter Calculation Range Range?
r=—>_ —
Fire Froude P=CpT=D*3 (g
Number B 702 kw s s 04-24 No
(1.2 kg/m?)(1.0 k] /kg/K) (293 K)(0.525 m25), /2.8 m/sT
Fire Height, He+lp 24m+25m 16
Hy + Ly, He  30m
relative to the 02-1.0 Mo
Ceiling PR 5 s . -
. Le=D|3. =102 =048m (3.7 ¥ 3.6 —1.02) = 2.5m
Height, H, T { e ) (3. )22
Ceiling Jet
Radial
Distance.rc_, MNIA — There are no argets like sprinklers or smoke detectors under 192-17 N/A
relative to the consideration in this example. : : ’
Ceiling
Height, H,
Equivalence )
Ratio, , as o2 7OZkW =03
S p=- — = — ~ —— 0.
an indicator AHp, thp, 13,100 K[ /kg x 0.2kg/s 004-08 Yeg
of the
YWentilation g, = 023 peV = 023 ¥ L.2kg/m® x 0735 m®/s = 0.2 kg/s
Rate
Compartment
AspectRatio | L _85m, . LW _BEmaog L _EEmy e M _ESm s 0B-57 Yes
(Lower | H. 30m H, 30m H. 9im H. %1lm
Upper)
Target
Distance, r, + Lim
relative to the — =" =33 22-57 Yes
Fire D 0.5m
Diameter, D
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Step 4. Calculate Fire-Generated Conditions

D.4.1 Algebraic Models (FDT")

Fire: The FDT® use a steady-state HRR in both the flame height and radiation heat flux
calculation. A constant HRER of 702 kW i1s used for both. A fire diameter of 0. 48 m (1.6 ft) is
calculated from the effective vent area atop the cabinet of 0.18 m? (2 ft%). Table D-2 indicates
that the Heskestad flame height correlation yields a calculated flame height of 2.5 m (8.2 ft).
Consequently, the cables located directly above the cabinet would be engulfed in flame and
therefore would be expected to fail. This flame height calculation also shows that there would
be significant flame extension beneath the ceiling, which is located just 0.6 m (2 ft) above the
base of the assumed fire.

The point source radiation model predicts the peak heat flux to the side of the adjacent cabinet
that is approximately 1.1 m (3.6 ft) from the center of the vent on top of the burning cabinet:

L, Xe@ 053 xT02KW
9 C4mrd 4w ox 1.1°2

=~ 245 kW/m> (D-1)

This estimate does not include the contribution to the heat flux from the HGL or from the flame
extension beneath the ceilling. However, this estimate does indicate that the heat flux to the
adjacent cabinet could exceed the critical heat flux by a relatively large margin. Consequently,
this scenario would warrant more detailed analysis with either a zone model or a CFD model.
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CFAST - Geometry and materials
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I CFAST - Fire specification

W ReObpds — — — -ﬂ

LILE QEpt, Mo Fiwgly Hesight Mapsiyl -

g B ca i HCH HECI Hal
[Ciascns | Bd6 | a0 | e | 0oe® | 6is | 0066 | G4 | W0 | Sewcoce |

Wewt | tew | [upicae |

Fir: Dlkgacd Hama |H-:I: e

Cutuila
BACC TO2 b
Maieiial: |Sevichgmer MOC 3PE Cabla UUFE = ! : ] ! J
c P y I"Tr: EETTE gl J "“'--.\ T
- - ll-' .\."\..\.
o .
H 5 oot Yiakd Wl __.-"' . |
] 0 et |
A a
| RAadiairee mar . -
W I Tadedive. [T e -
- ",
o: 0 5 i N
L 1 L 1
o 33 4310 150 300
Tims Dbt Hehy dagm " -
] (A i s L0 Yimld St Fiald Ct T8
[15] Il k) 0130 il 0175 o 1]
72 i o 1 DR LR E] o n
i1} 1 by 01 [ 0176 by 1]
HE EX2 1 E] [IRFii] il il 175 1 E] a
T k] n nin I e nim m n =

%ure D-6. CFAST fire inputs for two-height ceiling SWGR scenario.

Fire PRA Workshop, 2013, Charlotte, NC Slide 43 A Collaboration of U.S. NRC Office of Nuclear Rc_agulatory
Module 5: Advanced Fire Modeling = i Research (RES) & Electric Power Research Institute (EPRI)




CFAST - Target specification
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CFAST - Mechanical ventilation
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I CFAST - Smokeview rendering of SWGR fire

A4

612

an

Frane: 100

Tine: 10000

Figure D-4. Geometry of two-height ceiling Switchgear Room as modeled in CFAST.
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FDS — Smokeview rendering of SWGR fire

Figure D-5. FDS/Smokeview representation of the MCC/Switchgear Room scenario.
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Cabinet Heat Flux
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Step 4. Calculate Fire-Generated Conditions
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Figure D-10. Heat flux and temperature predictions for the adjacent cahinet.
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Step 4. Calculate Fire-Generated Conditions

Cable A Heat Flux
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Step 4. Calculate Fire-Generated Conditions

Cable C Heat Flux
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Figure D-11. Summary of the cable predictions for the MCC/Switchgear Room.
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Step 5. Sensitivity and Uncertainty Analysis

Table D-3. Summary of the model predictions of the MCC fire scenario.

Bias Standard Predicted | Critical | Probability of
Model Factor, & | Deviation, &, Target Value Value Exceedi:g
Surface Temperature (°C), Initial Value = 20 °C
CFAST 1 027 Cabinet 390 400 0. 460
FDS 1.02 0.13 170 400 0.000*
CFAST 1 027 Cable A 705 400 0950
FDS 1.02 0.13 620 400 0997
CFAST 1 027 Cable B 305 400 0.112
FDS 1.02 0.13 280 400 0.000
CEAST 1 0.27 Cable C 40 400 0.000
FDS 1.02 0.13 65 400 0.000
Heat Flux (kW/m®)
CEAST 081 047 Cabinet 243 11 0911
FDS 085 0.22 6.0 11 0.006*
CEAST 081 047 Cable A 104 11 0974
FDS 0.85 0.22 72.0 11 1.000
CEAST 081 047 Cable B 158 11 0823
FDS 0.85 0.22 23.0 11 0.997
CFAST 0.81 0.47 Cable C 0.2 11 0.000
FDS 0.85 0.22 2.5 11 0.000

* These results require closer scrutiny. See discussion below.
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Step 5. Sensitivity and Uncertainty Analysis

D.5.1 Damage to Cabinet

The predicted heat flux to and temperatures of the cabinet adjacent to the MCC are shown in

Figure D-10. The cabinet is located approximately 1.1 m (3.6 ft) from the center of the flaming
vent. The point source radiation calculation included in CFAST and the FDT® predicts a peak

heat flux of 24.5 kW/m? to the nearest point on the cabinet. FDS predicts the peak heat flux

(and resulting surface temperature) to be significantly lower because the fire is partially
obscured by the overhead cable tray and the burning MCC. FDS also accounts for the
orientation of the adjacent cabinet top and side relative to the fire's location. However, the heat
flux to the top of the MCC near the adjacent cabinet is substantially greater than the critical
value, and a small change in the position of the fire could result in a much higher heat flux to the
target. Given the sensitivity of the predicted heat flux and surface temperature to a minor
change in the fire dynamics, the FDS prediction for the cabinet ought to be discounted in this

case.
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Step 5. Sensitivity and Uncertainty Analysis

D.5.2 Cable Damage Based on Temperature Alone

The predicted cable temperatures for the three trays are shown in Figure D-11. CFAST and
FDS estimate cable temperatures using the THIEF methodology (NUREG/CR-6931, Vol. 3).
Both models predict that the cables in Tray A are likely to fail.

Neither model predicts that the cables in Tray B will reach the failure temperature of 400 °C
(750 °F), but the CFAST prediction of 300 °C (572 °F) suggests that there is a 9% probability
that the cable temperature could be as high as the critical value. Note that these predictions are
sensitive to the exact location of the target cable within the tray, its view of the fire, and the HGL
temperature. In this case, the cables in Tray B are heated primarily by convection and radiation
from the HGL. Given that the HRR is the most important parameter controlling the temperature
of the HGL, how much would the HRR have to increase to increase the CFAST prediction from
300 °C (572 °F) to 400 °C (752 °F)? Table 4-3 indicates that the rise in the HGL temperature is
proportional to the HRR to the 2/3 power. Following the methodology in Section 4.4.1, in order

to increase the predicted HGL temperature by 100 °C (212 °F), the peak HRR, Q, must increase

by approximately:
AQ . Q AT . 702 kW 100 7€ 376 kKW (D-3)
= — = — x = -
2 T—-T, 2 300°C—=20°C
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Step 5. Sensitivity and Uncertainty Analysis

D.5.3 Cable Damage Based on Incident Heat Flux

The predictions of heat flux to the cables in the three trays are shown in Figure D-11. The
critical value is 11 kW/m?. Flame height correlations predict that the fire will impinge on Tray A,
and both CFAST and FDS indicate that the heat flux to these cables would be well in excess of

the critical value.
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Step 5. Sensitivity and Uncertainty Analysis

Cable B Tem perature Cable B Heat Flux
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Step 6. Document the Analysis

[
* Follow the steps; clearly explain the entire process

* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references
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Step 6. Document the Analysis

D.6 Conclusion

The purpose of the calculations in this example is to predict if and when varous components
within a compartment will become damaged due to a fire in the MCC. The fire model analyses
performed for this scenario indicate that the fire would damage the cables in Tray A because all
the models (FDT®, CFAST, FDS) predict that the flames would directly impinge on the cables
themselves.

CFAST and FDS predict that the cables in Tray B are likely to be damaged based on the
heat flux criterion. However, neither model predicts that the interior cable temperatures are
likely to be high enough to cause failure.

MNeither FDS nor CFAST predicts that the cables in Tray C would be damaged.

A point source heat flux analysis indicates that the adjacent cabinet housing would be
exposed to a heat flux that would cause damage. Even though FDS dees not predict
damage, its predictions of heat flux to surfaces very near the adjacent cabinet are
sufficiently high to cast doubt on the conclusion that the cabinet would not be damaged.
Small changes in the positions of various obstructions could easily change the predicted
heat flux by an order of magnitude. Even though the point source method tends to over-
predict the heat flux to targets close to the fire, there is too much uncertainty in the
geometric configuration to accept the validity of the more detailed calculation.
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Step 1. Define Fire Modeling Goals

 Estimate the impact on safe-shutdown cables due to a fire
in a trash bin inside a Cable Spreading Room.

* Transient combustibles have been identified as a possible
source of fire that may impact the cables. The purpose of
the calculation is to analyze this condition and determine
whether the cable targets will fail, and, if so, at what time
failure occurs.

— Bottom cable tray has a solid steel bottom

* Follow guidance provided in Chapter 11 of NUREG/CR-
6850 (EPRI 1011989), Volume 2, “Detailed Fire Modeling
(Task 11).”
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Step 2. Characterize Fire Scenarios

» General Description

* Geometry

» Materials

* Fire Protection Systems
* Ventilation

* Fire
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Ventilation

* The CSR has two doors on the east wall that are normally

closed.

« Standard procedure calls for an operator to investigate
the fire within 600 s (10 min) of an alarm condition.

« Two supply vents and two return vents. 1.4 m3/s for each.
 Leakage — often the “leakage area” is the area of the

crack under the door.

« Exact supply and exhaust location only important for CFD.

« Zone models usually only consider height of ducts off floor
and orientation of the vent.
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Fire

Table G-1
Recommended HRR Values for Electrical Fires

HRR Gamma Distribution
Ignition Source kW (Btu/s) Heat Release Rate
75th | 98th o B
Vertical cabinets with qualified cable, fire limited to 69 211°® 0.84 59.3 400
one cable bundle (65) (200) (0.83) (56.6)
Vertical cabinets with qualified cable, fire in more than | 2117 702° 0.7 216
one cable bundle (200) (665) (0.7) (204) 300
Vertical cabinets with unqualified cable, fire limited to 90* 211°® 1.6 415 E
one cable bundle (85) (200) (1.6) (39.5) x 200 e CFAST
Vertical cabinets with unqualified cable, fire in more 232° 464 ° 2.6 67.8 o
than one cable bundle closed doors (220) (440) (2.6) (64.3) % DS
Vertical cabinets with unqualified cable, fire in more 232° 10027 0.46 386 100
than one cable bundle open doors (220) (950) (0.45) (366)
Pumps (electrical fires) ® 69 211’ 0.84 59.3
b (65) | (200) (0.83) (56.6) 0 : : , : ;

Motors ° 32 69 2.0 11.7 0 600 1200 1800 2400 3000 3600

otors (30) (65) (2.0) (11.1)

: s 142 317 1.8 57.4 Time (s)
Transient Combustibles (135) GSOOD (1.9) (53.7)
~—
HRR taken from Appendix G, NUREG/CR 6850 (EPRI 1011989)
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What is burning?

A trash fire ignites within a cylindrical steel waste bin 0.8 m (2.6 ft) high and 0.6
m (2.0 ft) in diameter, containing 5 kg of trash.

Duration of Fire

Total energy released is 5 kg x 30,400 kJ/kg = 152,000 kJ

480
Q = 152,000 K] :J.

0

C/ t \2 tr . 480 s
J, (m) dt+ | 0, dt =317kW (——+ (t; — 4805) (E-1)
480

Solving for ¢; yields a total burning time of 800 s.

Table E-1. Products of combustion for CSR fire.

Parameter Value Source

Effective Fuel Formula C4H;0, ¢ Assumption

Peak HRR 317 kW NUREG/CR-6850 (EPRI 1011989), App. G
Time to reach peak HRR 480 s NUREG/CR-6850 (EPRI 1011989), App. G
Heat of Combustion 30,400 kJ/kg | SFPE Handbook, 4th ed., Table 3-4.16
CO, Yield 2.0 kg/kg SFPE Handbook, 4th ed., Table 3-4.16
Soot Yield 0.038 kg/kg | SFPE Handbook, 4th ed., Table 3-4.16
CO Yield 0.014 kg/kg | SFPE Handbook, 4th ed., Table 3-4.16
Radiative Fraction 0.40 SFPE Handbook, 4th ed., Table 3-4.16




Step 3. Select Fire Models

 Algebraic Models: FPA algorithm in FIVE provides
estimate of HGL temperature within a closed, ventilated
compartment. FDTs do not allow for time-dependent
HRR. Both FIVE and FDTs can estimate smoke detector
activation time.

« Zone Models: Both CFAST and MAGIC include
algorithms to estimate the temperature of cable targets.

« CFD: Typical application of FDS. The primary advantage
of a CFD model for this fire scenario is that the CFD
model can predict local conditions at the specific location
of the target cables and includes more complete radiation
calculations from the fire to the cable targets.
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Applicability of Validation

Table E-2. Key parameters and their ranges of applicability to NUREG-1824.

. . . Validation In
Quantity Normalized Parameter Calculation . Range?
Fire Froude Numb Q" Q S17kW 10| 04-24 Y
ire Froude Number )" = = =~ 1. 4-2, es
Py T D?? [g (1.2 kg/m3)(1.0 kJ/kg/K) (293 K)(0.625 m25),/9.8 m/s?
He+L; 08m+16m
Flame Length, L;, = =
relative to the Ceiling H 40m 02-1.0 Yes
Height, H : , '
st L, =D(37 0 1.02) = 0.6m (3.7 x 1.0° — 1.02) = 1.6 m
Ceiling Jet Radial
Distance,rci, relative - . . .. . N
o the Ceiling Height, N/A — Ceiling jet targets are not included in simulation. 1.2-17 N/A
H
0 317 kW 0.06
Equivalence Ratio, @, ¢ = - = = U
as an indicator of the AHo, mho,  13,100K]/kg x 0.4 kg/s 0.04-06 Yes

Ventilation Rate ,
g, = 0.23 p,,V = 0.23 x 1.2 kg/m® x 1.4 m? /s = 0.4 kg/s

Compartment Aspect £ _ 40 m - 10 K: 18.5m ~ 46 0.6-57 No
Ratio H 40m H 4.0m
Target Distance, r, r 23m
relative to the Fire —=——=>38 22-517 Yes
D 0.6m

Diameter, D

Notes: (1) The “Fire Height”, Hr + L, is the sum of the height of the fire off the floor plus the fire’s flame length.

Fire PRA Workshop, 2013, Charlotte, NC Slide 10 A Collaboration of U.S. N_RC Office of Nuclear Rggulatory
Module 5: Advanced Fire Modeling = i Research (RES) & Electric Power Research Institute (EPRI)




Step 4. Calculate Fire-Generated Conditions

Tray B

Tray A

Bottom

Figure E-4. Schematic diagram of transient trash fire in cable spreading room.
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Step 4. Calculate Fire-Generated Conditions

Plume temperatures - Heskestad correlation

1400

1200

1000
o
S 800
=
® / ==Bottom
o / ==Tray B
" 400 / /

200 %f
0
0 600 1200 1800 2400 3000 3600
Time (s)

Figure E-5. Plume temperatures at cable trays located above transient trash fire.
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Step 4. Calculate Fire-Generated Conditions

HGL temperature calculation - FPA correlation
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Figure E-6. Average HGL temperature from FPA correlation for CSR trash fire scenario.
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I Step 4. Calculate Fire-Generated Conditions

Figure E-7. CFAST rendering of the Cable Spreading Room scenario.
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I Step 4. Calculate Fire-Generated Conditions

FDS simulation, elevation view.
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Step 4. Calculate Fire-Generated Conditions

Heat Release Rate
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Figure E-14. Heat release rate and estimated HGL temperature for Cable Spreading Room
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I Step 4. Calculate Fire-Generated Conditions

E.5.1 Smoke Detection

Table E-6 shows the results for smoke detection activation for the models. The models provide
similar estimates of the detector activation time. CFAST models smoke detector actuation as a
heat detector with a relatively low thermal inertia and activation temperature. However, there is
no consensus in the fire literature for the appropriate RT| (Response Time Index) value and
activation temperature. Given the presence of beam pockets and obstructions, even a CFD
model like FDS, which uses actual smoke concentration rather than temperature in its detector
algorithm, is subject to significant uncertainty.

Table E-6. Smoke detector activation times, Cable Spreading Room.

Model Time (s)
CFAST 170 s
FDS 160 s
Fire PRA Workshop, 2013, Charlotte, NC Sllde17 A Collaboration of U.S. NRC Office of Nuclear Regulatory
5 Research (RES) & Electric Power Research Institute (EPRI)
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Step 4. Calculate Fire-Generated Conditions

Bottom CableTemperature
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Step 4. Calculate Fire-Generated Conditions

Cable A Temperature

250
200 = CEAST |—
5 /\ :
@ 150 — [ | E
: [\ x
(15
100 é
g / \ 3
= 50 _L_r"_ — I
D T T T T T
0 600 1200 1800 2400 3000 3600
Time (s)
Fire PRA Workshop, 2013, Charlotte, NC | Slide 19
Module 5_- Advanced Fire Modeling ...........................................

L

Cable A Heat Flux

— CEAST

[ s FDS
/

0 600 1200 1800 2400 3000 3600

Time (s)

A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)



Step 4. Calculate Fire-Generated Conditions

Cable B Temperature Cable B Heat Flux
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Figure E-15. Estimated cable conditions for the Cable Spreading Room.
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Step 5. Sensitivity and Uncertainty Analysis

Table E-5. Summary of the model predictions of the CSR scenario.

Bias Stapd._ard _ Predicted Critical Probability
Model Factor, Deviation, Location Value Value of _
¢) Om a Exceeding
Temperature (°C), Initial Value = 20 °C
CFAST 1 0.27 Bottom 298 205 0.893
FDS 1.02 0.13 Cable 54 205 0.000
CFAST 1 0.27 Cable A 202 205 0.472
FDS 1.02 0.13 36 205 0.000
CFAST 1 0.27 Cable B 126 205 0.003
FDS 1.02 0.13 61 205 0.000
Heat Flux (kW/m?)
CFAST 0.81 0.47 Bottom 4.2 6 0.367
FDS Cable
CFAST 0.81 0.47 Cable A 3.0 6 0.091
FDS 0.85 0.22 0.3 6 0.000
CFAST 0.81 0.47 Cable B 2.0 6 0.000
FDS 0.85 0.22 0.8 6 0.001
Fire PRA Workshop, 2013, Charlotte, NC Sllde21 A Collaboration of U.S. N_RC Office of Nuclear Rggulatory
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Alternative Analysis — Parameter Propagation

Probability Density Function
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Figure E-16. Distribution of HRR for a trash fire.
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Figure E-17. Distribution of plume temperatures at Trays 3 and 6, respectively.
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Step 6. Document the Analysis

[
* Follow the steps; clearly explain the entire process

* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references
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I Step 6. Document the Analysis

E.6 Conclusion

The analysis shows that a 317 kKW waste bin fire beneath a vertical array of cable trays is
unlikely to damage cables in the trays three and six levels above the fire. Both CFAST and FDS
estimate peak temperatures and heat fluxes below the failure criteria for cables in the third tray
from the bottom. From FDS calculations, temperatures and heat fluxes on the protected lowest
cable tray are well below critical values. Estimates from CFAST for unprotected cables
demonstrate the importance of the protection afforded by the solid metal lower surface of the

cable trays.
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Step 1. Define Fire Modeling Goals

* Determine the heat flux to and temperature of structural
steel columns in a turbine hall due to a lube oil fire.

» Evaluate structural steel response for two potential curb

locations.

* This type of analysis may arise when addressing
ASME/ANS RA-Sa-2009 supporting requirement FSS-F1
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Step 2. Characterize Fire Scenarios

» General Description

* Geometry

» Materials

* Fire Protection Systems
* Ventilation

* Fire
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Figure F-2. Structural Steel Column in the Turbine Building.
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Figure F-3. Main Turbine Lubricating Oil Tanks in the Turbine Building.
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Material Properties

Table 3-1. Material Properties

Thermal . g
Material Conductivity ”;'}5'? SPiﬁ?;:c I:eat Source
Brick 0.8 2600 0.8 NUREG-1805, Table 2-3
Concrete 1.6 2400 0.75 NUREG-1805, Table 2-3
Copper 386 8954 0.38 SFPE Handbook, Table B.6
Gypsum 017 960 1.1 NUREG-1805, Table 2-3
Plywood 0.12 240 2.5 NUREG-1805, Table 2-3
PVC 0.192 1380 1.289 NUREG/CR-6850, Appendix R
Steel 54 7850 0.465 NUREG-1805, Table 2-3
XLP 0.235 1375 1.390 NUREG/CR-6850, Appendix R

Table F-2. Structural Steel Failure Criteria (ASTM E119-10a)

. . Maximum Cross-Section
Member SEI LS e Average Temperature
Temperature (°C) g (°C) P
Beam 704 593
Column 649 538
Fire PRA Workshop, 2013, Charlotte, NC Sllde31 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Ventilation

 Large, open area
 Forced ventilation intentionally shut down at start of fire
« 18 exhaust vents to the outside around the perimeter
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Fire

Table F-2. Data for lube oil fire.

Parameter Value Source

Effective Fuel Formula CiHonso Assumption (n in range of 12-15)

Mass burning rate 0.039 kg/s.m” | NUREG-1805 Table 3-4

Density 760 kg/m”® NUREG-1805 Table 3-4

Heat of Combustion 46,000 kdJ/kg | NUREG-1805 Table 3-4

CO, Yield 2.64 kg/kg SFPE Handbook, 4th ed., Table 3-4.16*
Soot Yield 0.059 kg/kg | SFPE Handbook, 4th ed., Table 3-4.16"
CO Yield 0.019 kg/kg | SFPE Handbook, 4th ed., Table 3-4.16"
Radiative Fraction 0.33 SFPE Handbook, 4th ed., Table 3-4.16*
Mass Extinction Coefficient 8700 m“/kg | Mulholland and Croarkin (2000)

*Material identified as “Hydrocarbon” in SFPE Handbook used to derive properties.

The peak heat release rate, (), is computed from the fuel mass burning rate, 1", the heat of
combustion, AH, and the specified area of the spill, A:

QO =m"AHA=0.039 kg/m? /s x 46,000 k] /kg x 28.1 m? = 50,400 KW (F-1)
The fire duration, At, is determined from the pool depth, §, density, p, and burning rate, m"":

_&p _ 0.11m x760kg/m’

At =
m'’ 0.039 kg/m? /s

= 2144 s (35.7 min) (F-2)
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Step 3. Select Fire Models

 Algebraic Models: Fire resistance calculations typically
use a pre-defined time-temperature curve, like ASTM E
119, but such an exposure history is not appropriate here.
However, heat flux calculations are valid and are used to

evaluate structural steel response.
« Zone Models: Challenging case — too many assumptions

violated, in particular the ratio of flame height to ceiling
height. Zone models not used.

* CFD: Near-field or engulfing fire heat flux is a challenge
for any model, but FDS used for comparison with
algebraic models.

Fire PRA Workshop, 2013, Charlotte, NC Sllde34 A Collaboration of U.S. N_RC Office of Nuclear Regu/atory
Module 5: Advanced Fire Modeling Research (RES) & Electric Power Research Institute (EPRI)




Applicability of Validation

Table F-3. Normalized Parameter Calculations for the Turbine Building Fire Scenario.

Quantity Normalized Parameter Calculation Validation In
Range Range?
Fire Froude Se Q _ 50,400 kW ~ 05
Number Q"= 25 [ 3 p— == 0.52 04-24 Yes
PospTeaD?® [g (1.1 kg/m3)(1.0 kJ/kg/K)(309 K)(6.025 m25),/0.8 m/s
Lf 11.0 m 5
Flame length T ae o =
to ceiling i 46m 02-1.0 No
height ratio .,2/5
g L, =D (37 07— 1.02) = 6.0m (3.7 x 0.52°% — 1.02) = 11.0m
Ceiling jet
radius
relative to the N/A 12-17 N/A
ceiling height
Equivalence
ratio based See Section F.3.3 for discussion of this parameter. 004-06 Yes
on opening ) ’
area
. 99,
Compar[m.ent £ _ 10073 m ~218 E _ 9.5m ~ 216 0.6—57 No
aspect ratios H 4.6 m H 46m
Target 8.5m 14 7.2m 12 18.8m 31 183 m 31 36.5m o1 78.m 131
distance to =L x =L x =9 x =9 x =06 x = 15
fire diameter 6.0 m 6.0m 6.0 m 6.0m 6.0 m 6.0m 29_57 Yes/No
(Columns 28.0m _ 47 26.9m 45 8.8m 15 39m 0.7 43.3m 79 80.m 135
ABCDEF) | 6.0m 60m 60m 60m 60m 60m

Notes: (1) The effective area of the fire is determined from the formula, D = /44/m, where A is the area of the dike.
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To estimate the quantity of oxygen available in the turbine hall, the volume of the turbine hall is
calculated to be 209,577 m® based on the overall dimensions of 100.3 m by 99.5 m by 21.0 m.
The volume occupied by solid obstructions is ignored for this calculation. The total mass of
oxygen within the turbine building is then calculated as:

Mg, tor = PV Yo, = 1.1 kg/m?® x 209,577 m*® x 0.23 = 53,023 kg (F-3)
The quantity of oxygen consumed by the specified lube oil fire is calculated as:

| _ QAt  50400kW x 2,144s
Mozred AR T T 13,100 K /kg

= 8,249 kg (F-4)

Thus, the specified fire would consume less than 16 % of the oxygen available within the turbine
building. Consequently, the fire would not be expected to be ventilation limited, on a global
basis, even without ventilation with the outside environment through the roof vents.
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Step 4. Calculate Fire-Generated Conditions

Upperlevel \ . Hatches and stairs
<0 >/ between levels

HVAC room

Lower level

ents to exterior

Curb
Location 1
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I Flame extension beneath turbine deck

o Unobstructed
/\ flame height (L;)

Flame extension
beneath ceiling

~(Ls—H)
VAl
Figure F-4. Schematic diagram of the fire impinging on the ceiling.
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Flame extension beneath turbine deck
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Figure F-5. Detail from Figure F-1 with estimated flame extension beneath ceiling
superimposed.
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Column heating — hand calculation
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In order to estimate an approximate time for a column to reach the specified failure temperature
of 538 °C when subjected to different radiant heat fluxes, a simple energy balance is used to
calculate the rate of temperature rise of the steel in response to this imposed heat flux:

dT, .
pscsl'/.;d_: =q, As (F-6)

The subscript s refers to steel. For a constant heat flux, this differential equation can be readily
integrated to yield the steel temperature as a function of time:

' t

T.— Ty = ——— F-7
* T peca(Ve/A) =0
To calculate the time, t_, , when the steel failure temperature is reached, this equation is
rearranged, with the critical steel temperature, T, inserted for the steel temperature.
(VA ) (T — T (W /D)(Te — T,
— .DOSCS( s./! s)( crit 0) _ Cs( /Jl )( crit O) (F—B)

s Iy L
qr dr

The term V. /A, is sometimes called the section factor and is the effective thickness of the steel
member; it is calculated as the cross-sectional area of a steel member divided by the heated
perimeter of the member. In the US, it is more common to use a parameter referred to as the
W/D ratio, which is simply the section factor multiplied by the steel density. For a W14x145
steel column, the W/D ratio has a value of approximately 96.2 kg/m? (1.64 Ib/ft/in). With this
value used for the W/D ratio, the time to reach the critical steel temperature for the column can
be estimated, based on the radiant heat flux estimated in equation F-5, as:

_ (0.465 k] /kg/°C)(96.2 kg/m?)(538 °C — 36 °C)

topir = = 300 F-9
erit 75.0 KW/m? > (F-9)




Column heating — FDS calculation

FDS Results, Curb Location 2

Heat Flux of Column D
Temperature of Column D
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Step 5. Sensitivity and Uncertainty Analysis

Table F-4. Summary of results for the Turbine Building fire scenarios.

Model FS;’;, g‘:\’,:‘a‘:f;: Target | Predicted | Critical | Probability of
s - Value Value Exceeding
Surface Temperature (°C), Initial Value = 36 °C
Curb Location 1
FDS 1.02 0.13 Column A 270 538 0.000
FDS 1.02 0.13 Column B 260 538 0.000
FDS 1.02 0.13 Column C 170 538 0.000
FDS 1.02 0.13 Column D 150 538 0.000
FDS 1.02 0.13 Column E 90 538 0.000
FDS 1.02 0.13 Column F 50 538 0.000
Curb Location 2
FDS 1.02 0.13 Column A 130 538 0.000
FDS 1.02 0.13 Column B 120 538 0.000
FDS 1.02 0.13 Column C 400 538 0.001
FDS 1.02 0.13 Column D 620 538 0.828
FDS 1.02 0.13 Column E 75 538 0.000
FDS 1.02 0.13 Column F 50 538 0.000
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Step 6. Document the Analysis

[
* Follow the steps; clearly explain the entire process

* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references
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Step 6. Document the Analysis

F.6 Conclusion

Based on the FDS simulation of this scenario, a 50 MW Iube oil fire in Curb Location 1, which is
the curbed area located between Columns A, B, C, and D, is not predicted to cause the
structural steel to exceed a temperature of 538 °C (1,000 °F). This is not the case for the
proposed Curb Location 2, which is located closer to Column D and is predicted to cause the
structural steel to exceed a temperature of 538 °C (1,000 °F). Consequently, the
recommendation for the design package is to install the curbed area at Curb Location 1.

Overall, given the large volume of lubricant involved, it is significant that structural failure is not
predicted by the CFD fire model for Curb Location 1. Although it may seem counterintuitive, this
is a direct result of the relatively small area in which the lubricant is confined. The curbing
restricts the surface area of the lubricant spill, and, correspondingly, the heat release rate of the
fire.
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Step 1. Define Fire Modeling Goals

* Determine if important safe-shutdown equipment will fail
due to a fire involving a stack of pallets in a hallway

* Also determine time to smoke detector activation
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Step 2. Characterize Fire Scenarios

» General Description

* Geometry

» Materials

* Fire Protection Systems
* Ventilation

* Fire
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Ventilation and Detection

«1.67 m3/s air flow

» All doors closed

* 9 smoke detectors with a sensitivity of 4.9 %/m
* No suppression system
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Table G-1. Products of combustion for a wood pallet fire.

Parameter Value Source

Effective Fuel Formula CsH1005 Assumption, Cellulose

Peak HRR 2500 kW SFPE Handbook, 4™ Ed._, Figs. 3-1.65, 3-1.100
Time to reach peak HRR 420 s SFPE Handbook, 4™ Ed., Figs. 3-1.64

Heat of Combustion 17,100 kJ/kg | SFPE Handbook, 4th Ed., Table 3-4.16

Heat of Combustion per unit 13.2 kJ/g SFPE Handbook, 4th Ed., Table 3-4.15
mass of oxygen consumed

CO; Yield 1.27 kg/kg SFPE Handbook, 4th Ed., Table 3-4.16
Soot Yield 0.015 kg/kg | SFPE Handbook, 4th Ed., Table 3-4.16
CO Yield 0.004 kg/kg | SFPE Handbook, 4th Ed., Table 3-4.16
Radiative Fraction 0.37 SFPE Handbook, 4th Ed., Table 3-4.16
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Step 3. Select Fire Models

* Algebraic Models: Not designed for multiple compartment
scenarios, but can be used to assess room of origin or in
this case, the corridor containing the pallets

« Zone Models: Scenario consistent with physical
assumptions

 CFD: No need in this case. All questions answered
satisfactorily with simpler models.

Fire PRA Workshop, 2013, Charlotte, NC Slide 8 A Collaboration of U.S. N_RC Office of Nuclear Rggulatory
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Applicability of Validation

Table G-2. Normalized parameter calculations for the Multi-Compartment Corridor fire scenario.

Quantity Normalized Parameter Calculation Validation In
Range Range?

B 0 - 2500 kW -
pmcpTooDz'S\/E (1.2 kg/m3)(1.0 kJ /kg/K) (293 K)(1.3%25 m?25),/9.8 m/s?

H-+L 0.44m+3.8m

f T _ - 0.7
Flame Length, Lg, H 6.1lm
relative to the Ceiling 02-10 Yes

Height, H ‘
=19 L, =D(37 0" 1.02) = 13 m (3.7 x 1.2°* — 1.02) = 38m

)

1.2 04-24 Yes

Fire Froude Number

Ceiling Jet Horizontal

; ; Tei 446 m
Rac?lal Dlstance‘.r.q, o _ - 08 12-17 No
relative to the Ceiling H— Hf 6.1m-0.44m
Height, H
0 2500 kW
Equivalence Ratio, o, @

AHo g, 13,100 kJ/kg x 0.46 kg/s

as an indicator of the 0.04-06 Yes

Ventilation Rate .
g, = 023 p,,V =023 X 1.2 kg/m? x 1.67 m*/s = 0.46 kg/s

Compartment Aspect L - 15.2m =249 w — 30m = 0.49
Ratios H 61m " H 61m 06-57 No
Target Distance, r,
relative to the Fire N/A 22-57 N/A

Diameter, D

Notes: (1) The effective diameter of the base of the fire, D, is calculated using D = ,/4A/w, where A is the area of the pallets.
(2) The “Fire Height”, Hy + Ly, is the sum of the height of the fire off the floor plus the fire's flame length.
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I Step 4. Calculate Fire-Generated Conditions

-42
Rotate X
42
Rotate 2
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Global view
Display Parameterize Print i Close |
Figure G-4. MAGIC rendering of the Corridor scenario.
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Step 4. Calculate Fire-Generated Conditions

Figure G-3. Effective corridor layout for implementation in zone models (not to scale).

Table G-3. Compartment dimensions for Corridor scenario.

Fire PRA Workshop, 2013, Charlotte, NC

Module 5: Advanced Fire Modeling

Comp. | Length (m) Width (m) Area (m?)
1 8.1 4.1 33 2
2 20 234 46 8
3 451 41 184 0
4 g1 6.0 48 6
5 10.3 6.6 GS.0
6 10.3 6.6 GO0
7 12.2 82 1000
8 3 15.2 456
Sllde11 ........... A Collaboration of U.S. N_RC Office of Nuclear Rggulatory
Research (RES) & Electric Power Research Institute (EPRI)




Step 4. Calculate Fire-Generated Conditions

G.4.1 Algebraic Models

This scenario concerns the prediction of cable damage at a location outside the compartment of
fire origin. The temperature of the hot gas layer in the compartment of fire origin can be
modeled as a potential screening tool. If the HGL temperature within the compartment of origin
is not likely to cause damage to cables in that compartment, damage to cables outside the fire
compartment is even more unlikely. As part of this approach, it is conservatively assumed that
the cable surface temperature will match the HGL temperature (i.e., heat-up of the cable is
assumed to be immediate).

FIVE was used for the MQH room temperature analysis. The inputs to the model are found in
Table 3-1, Table G-1, and Table G-3. The calculation is applied to the fire room only, with the
opening to the next compartment treated as an opening with an area (height x width) equal to
6.1 x 3=18.3m’. To correct the MQH temperature correlation for a fire in the corner, a factor

of 1.7 is multiplied by the results in FIVE, as suggested by Karlsson and Quintiere 2000
(Equation 6.23).

For the time to detection, the Alpert Ceiling jet temperature calculation is used. The approach is
to calculate the time at which the ceiling jet temperature at the heat detector is 30°C. The
additional inputs for this correlation are the horizontal radial distance from the centerline of the
fire plume to the detector, which is 4.5 m, and the fire location factor of 4, due to fire in the
corner. Because the fire room is a corridor shape, the flow is likely to be confined; therefore, the
confined flow correlation by Delichatsios is also used. The additional input is the corridor half-
width of 1.5 m.

Fire PRA Workshop, 2013, Charlotte, NC Slide 12 A Collaboration of U.S. N_RC Office of Nuclear Rggulatory
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Step 4. Calculate Fire-Generated Conditions

300

250

200

150

100

Temperature (C)

50

HGL Temperature Fire

HGL Temperature Compartment 7

Room
200
— 1 AT
P— ¥ = Vo1 160
E /\
@
\\ s 120
=
\\ : / \
[o1]
=
/ \ 7
0 &00 1200 1800 2400 0 T T T
Time(s) 0 600 1200 1800 2400
Time (s)

Figure G-9. Hot Gas Layer Temperature Predictions by MAGIC for the Corridor Scenario.
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Step 4. Calculate Fire-Generated Conditions

G.5.2 Smoke Detection

The smoke detector activation time in the corridor containing the fire is based on the time for the
ceiling jet temperature to reach 30°C at the detector location. The results, plotted in Figure G-
11, show that the two correlations from FIVE produce identical results of 50 s. MAGIC predicts

40 s.
Ceiling Jet Temperature
a0
==0==FVE (Alpert)

70 1| et FIVE (Delichatsios) #

G0 H - MAGIC 7 d
T ’
Q
= 50 ra =
E A s
© 40 >
a ”
E a0 ”~,
P

20

10

0 T T
0 50 Time (s) 100 150
Figure G-11. Detector temperature prediction by MAGIC for fire corridor.
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Step 5. Sensitivity and Uncertainty Analysis

Table G-2. Summary of the model predictions of the Corridor scenario.

Bias Standard . . Probability
Model Factor, Deviation, | Ventilation e Lo of
— Value Value .
) O Exceeding
HGL Temperature (°C), Initial Value = 20 °C
FIVE (MQH) 1.56 0.32 Natural 256 330 0.001
MAGIC 1.01 0.07 Mechanical 240 330 0.000
Fire PRA Workshop, 2013, Charlotte, NC Sllde15 A Collaboration of U.S. NRC Office of Nuclear Regulatory
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Step 5. Sensitivity and Uncertainty Analysis

What happens if the room height is reduced?

HGL Temperature Fire HGL Temperature Compartment?7
Room

300 200

250 = Base Case || Base Case
5 /r-\\ (H=6.1m) __ 160 (H=6.1)
E’ 200 m— Ceiling — e s#®ewHeight=om
2 // Height=5m £ 120 Fire Room
£ 150 T
3 8 80
o 100 E
- g

50 4 40 1

D ' ' ' 0 1 1 1
0 600 1200 1800 2400 0 600 1200 1800 2400
Time (s) Time (s)
Figure G-10. Hot Gas Layer Temperature for Reduced Ceiling Height by MAGIC.
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Step 6. Document the Analysis

* Follow the steps; clearly explain the entire process
* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references

Fire PRA Workshop, 2013, Charlotte, NC Slide 17 A Collaboration of U.S. N_RC Office of Nuclear Regu/atory
Module 5: Advanced Fire Modeling = i Research (RES) & Electric Power Research Institute (EPRI)




G.6 Conclusion

Both FIVE and the zone model MAGIC predict that HGL temperatures will not reach high
enough to cause cable damage in any compartment or corridor, including the corridor containing
the burning pallets, while accounting for uncertainty in the temperature predictions of MAGIC
and the sensitivity of the predictions to variations in the heat release rate. Based on a simplified
method for smoke detector activation, smoke detector operation occurs at 40 to 50 seconds.
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Step 1. Define Fire Modeling Goals

» Determine potential for damage to redundant safe-
shutdown cables due to a fire in an adjacent tray in
annulus region of the containment building.

* Follow guidance provided in Chapter 11 and Appendix R
(Cable Fires) of NUREG/CR-6850 (EPRI 1011989),
Volume 2.
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Fire

HRR taken from Appendix R, NUREG/CR 6850 (EPRI 1011989)

R.4.1.2 Recommended Values for Flame Spread in Horizontal Cable Trays

Consider a single vertical cable tray ignited at the bottom. Assume a heating distance of 2 mm
and an incident heat flux of 70 kW/m’.

e Flame spread for PVC cabl

e Flame spread for XPLE cable = 0.3 mm/sec

Table R-4
Flame Spread Estimates for PVC Cable
Flame
Bench Scale |(Spread Rate

Material HRR [kW/m?] [mm/s]
PE/PVC 395 156
PE/PVC 359 137
PE/PVC 312 112
PE/PVC 589 (258)

Fire PRA Workshop, 2013, Charlotte, NC
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What is burning?

Cables made of polyethylene (C,H,) and polyvinylchloride (C,H,Cl).

Assume effective fuel: C,H; ;Cl, 5

Table H-1. Products of combustion for a PE/PVC cable fire.

Parameter Value Source

Heat of Combustion 20,900 kJ/kg SFPE Handbook, 4™ ed., Table 3-4.16
CO, Yield 1.29 kg/kg SFPE Handbook, 4™ ed., Table 3-4.16
Soot Yield 0.136 kg/kg SFPE Handbook, 4™ ed., Table 3-4.16
CO Yield 0.147 kg/kg SFPE Handbook, 4" ed., Table 3-4.16
Radiative Fraction 0.49 SFPE Handbook, 4™ ed., Table 3-4.16

Fire PRA Workshop, 2013, Charlotte, NC S/Id624 A Collaboration of U.S. N_RC Office of Nuclear Regu/atory
Research (RES) & Electric Power Research Institute (EPRI)
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Material Properties

Cables: The cable trays are filled with PE-insulated, PVC-jacketed control cables. These
cables have a diameter of approximately 1.5 cm (0.6 in), a jacket thickness of approximately

1.5 mm (0.06 in), anors. There are approximately(120 cablesin each tray. The

mass of each cable ig Themass fraction of copper is 0. These cables fail when
the internal temperature justunderneath the jacket reaches approximately 205 °C (400 °F) or
the exposure heat flux exceeds 6 kW/m? (NUREG-1805, Appendix A).

nY, (1—-v)m" 120x0.33%x(1-0) x 0.4kg/m
o M d-vm (1~ 0) x 04K8/M _ 6 4 kg/m? (H-1)
w 0.6 m
m/ AH  26.4kg/m? x 20,900 k] /k
At = — = 8/ I/ks 2648 s (H-2)
5 Gl /6 5/6 x 250 kW/m?
Fire PRA Workshop, 2013, Charlotte, NC S/Id625 ''''''''''' A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)
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Figure 9-1. Idealized time history of the local heat release rate per unit area.

NUREG/CR-7010
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Step 3. Select Fire Models

 Algebraic Models: Point source heat flux
« Zone Models: Typically not used outside of a

compartment.

« CFD: FDS assumes rectangular geometry, but it can
approximate the curved wall using a series of “stair steps”

Fire PRA Workshop, 2013, Charlotte, NC
Module 5: Advanced Fire Modeling
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Applicability of Validation

 Diameter of the fire is not well-defined

« Compartment parameters not appropriate

Fire PRA Workshop, 2013, Charlotte, NC Slide 28 A Collaboration of U.S. N_RC Office of Nuclear Rggulatory
Module 5: Advanced Fire Modeling = i Research (RES) & Electric Power Research Institute (EPRI)




CHRISTIFIRE 2, Vertical Tests

Two trays of PVC Instrument Cable

separated by 6 inches

October 2011, NIST Large Fire Lab
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Step 4. Calculate Fire-Generated Conditions

Two forms of the point source radiation model

L x-Q 049 x 945 kW

— — =~ 9,2 kW/m? (H-3)
P 4mr? 4m x 2.02 m? /m

. Xr Q; 049,255 1725 1725 1725 172.5\kW
qdpsz = ( )

— = + + + + ~ 6.2 KW /m? )
amlur? . 4w \2.92 ' 242 ' 202 ' 222 ' 202 )m? /m (H-4)
1

m
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Step 5. Sensitivity and Uncertainty Analysis

Table H-2. Summary of model predictions for the annulus fire scenario.

Bias Standard . .- Probability
Model Factor, | Deviation, | Target Predicted | Critical of
~ Value Value )
6 Oy Exceeding
Heat Flux (kW/m?)
Point Source 1.42 0.55 9.2 6.0 0.553
Distributed Point | 4 /4, 0.55 Cables 6.2 6.0 0.248
Source
FDS 1.10 0.17 2.5 6.0 0.000
Target Temperature (°C)
FDS 1.02 0.13 Cables 120.0 205.0 0.000
Plume Temperature (°C)
FDS 1.15 0.11 Sprinkler 90.0 100.0 0.001
Fire PRA Workshop, 2013, Charlotte, NC Sllde32 A Collaboration of U.S. NRC Office of Nuclear Regulatory
Research (RES) & Electric Power Research Institute (EPRI)
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I Sensitivity Analysis — how do changes in the input parameters affect the outcome?

Output Quantity = Constant x (Input Parameter)™*"*'

(Relative Change in Output) = Power x (Relative Change in Input)

Relative Change in Plume Temperature= 2/3 x Relative Change in HRR

Sprinkler Link Temperature

120
100 —fFfDS |
o Table 4-3. Sensitivity of model outputs from Volume 2 of NUREG-1824 (EPRI 1011999).
g / v \q\
2 . Important Input
g 60 Output Quantity Parameters Power Dependence
o
5 40 HRR 2/3
= _— Surface — |
20 HGL Temperature Wall Conductivity -1/3
Ventilation Rate -1/3
0 Door Height -1/6
0 600 1200 1800 2400 3000 3600 HGL Depth Door Height 1
Time (s)
. . . . . . Gas Concentration Prodult_:ltli?o? Rate 142
Figure H-6. Predicted sprinkler link temperature for the annulus fire scenario.
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Step 6. Document the Analysis

[
* Follow the steps; clearly explain the entire process

* Answer the original question

* Report model predictions with uncertainty and sensitivity
included

* Include all references
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H.6 Conclusion

Simple point source heat flux calculations indicate that a fire in one of the cable trays within the
annulus region of the containment building might damage the cables in an adjacent tray.
However, an additional analysis using FDS indicates that cable damage is unlikely due to the
orientation of the target cables and the blockage of thermal radiation by the cable tray itself.
This suggests that the details of the cable tray location, orientation, and configuration can
significantly impact potential for damage.

FDS predicts that sprinkler activation above the fire is unlikely. However, its prediction is
sensitive to the exact location of the sprinkler relative to a fire plume that may be subject to
unpredictable air movements throughout the entire facility. Alternative protection strategies,
such as shielding between trays or other thermal barriers, should be considered to ensure the
protection of the redundant cables.
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