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Preface

This report has been prepared as a user and technical guide to the use of the B-RISK
fire risk modelling software developed by BRANZ and the University of Canterbury. It is
important that users are familiar with the underlying physics and assumptions in B-
RISK in order to be able to critically evaluate results obtained.

BRANZ Ltd and the University of Canterbury take no responsibility for any loss or
design resulting from the use of this program, whether proper or not. All responsibility
lies with the end user, who shall decide on the validity of any results obtained using B-
RISK and who shall exercise caution when applying the results to any particular
situation.
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Note

This report is intended for the users of the B-RISK fire risk model and applies to
software version 2016.02.
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Abstract

This report provides B-RISK users with guidance on the use and application of the fire
modelling software as well as describing the assumptions and underlying physics upon
which the computer fire model is based. The software is intended for evaluating the
performance and hazard associated with room fires.

Model output includes but is not limited to gas layer temperatures, pressure, room
surface temperatures, layer height, visibility and fractional effective dose estimates.
The option for probabilistic analysis based on repeated Monte Carlo simulations is also
included.
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Nomenclature
a = gas absorption coefficient (m)
A = plume entrainment coefficient
Ar = floor area of the room (m?)
A; = area of surface /(m?)
Ap = pyrolysis area (m?)

Ap1 = pyrolysis area on wall (m?)

Apj1 = pyrolysis area on wall in ceiling jet region (m?)

Aper = pyrolysis area on ceiling (m?)

Ay = wall area behind burner (m?)

Ao = initial pyrolysing area in ceiling (m?)
Bi = Biot Number

Bi int = Biot Number for the room interior surface

Bi ext = Biot Number for the room exterior surface
bw = side dimension of square burner (m)

c = specific heat (J/kgK)
Cp = specific heat of air (J/kgK)
Cor C-factor = sprinkler conduction factor (m/s)?

C soot = mass concentration of soot in the upper layer (kg soot/m3)
ds = depth of the smoke layer in the fire compartment (m)
D = diameter of the fire (m)

D = wood crib stick thickness (m)

D; = smoke optical density inside the detector (m)

D, = smoke optical density outside the detector (m)

F = geometric configuration factor

Fij = geometric configuration factor for radiation emitted from surface /and
intercepted by surface j

FED = fractional effective dose

FTP = flux time product ([kW/m?]"s)
£ = Fourier number
g = gravitation constant (m/s?)

h = heat transfer coefficient (W/m?K)

he = convective heat transfer coefficient (W/m2K)

h. = wood crib height (m)

hy, = vent height (m)

hy = total heat transfer coefficient from surface at ignition (W/m?K)
hl = enthalpy flow to the lower layer (kW)

hu = enthalpy flow to the upper layer (kW)

k = thermal conductivity (W/mK)

k = extinction coefficient (m)

1
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Kayg = average extinction coefficient (m™)
kin = particle extinction cross-section (m?/kg soot)
ks = effective absorption coefficient of soot
kopc = thermal inertia (W?s/m?*K?)
K = flame area constant (m?/kW)
/ = characteristic dimension (m)
L = flame height (m)
L = room plan length (m)
Lg = heat of gasification (kJ/g)
Lo = mean path length (m)
my = mass flow rate in vent mixing flow (kg/s)
my = mass loss rate of the fuel (kg/s)
ms = mass loss rate of fuel per unit area (kg/s m?)
m; = mass flow rate of cool gases in through the vent (kg/s)
My, M, = mass flow rate of hot gases out through the vent (kg/s)
Ty, = mass flow rate of air entrained into the plume (kg/s)
myg = mass flow rate of at the spill edge of a balcony or soffit (kg/s)
M, = mass of the lower layer (kg)
M, = mass of the upper layer (kg)
MW; = molecular weight of species 7
n = flame length power
ppm = parts per million
)2 = horizontal flame projection distance (m)
)2 = room perimeter (m)
P, = atmospheric pressure (kPa)
P = pressure in the room at floor level relative to atmospheric (Pa)
P = partial pressure of species 7 (kPa)
Puys = saturation pressure for water vapour (kPa)
Pr = Prandtl number
q" = heat flux per unit area (kW/m?)
qer = critical heat flux for ignition (kW/m?)
qe = external heat flux incident on a surface (kW/m?)
Qvy = net heat flux from the burner flame to a wall (kW/m?)
qr = net heat flux from the flame impinging on ceiling (kW/m?)
q = net heat transfer to the lower gas layer (kW)
dint = incident heat flux to surface due to gas layers and other surfaces
(kw/m?)
Qnet = net heat flux to a surface (kW/m?)
q}’c’f = heat flux ahead of the flame (kW/m?)
s = heat flux received by a secondary target (kW/m?)
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qr
Qu
qf-k
q}l_lkgas
Q" (v)
Q'II
Qp
Qp
QC
)¢ (1)

)

Qz’),,cone

Cp
Q1)
Q(tact)
Qeq ()
Qiso (1)

r

RMV
RTI

SA

tact

lig

Tfo

T,

radiative component of heat flux (kW/m?)
net heat transfer to the upper gas layer (kW)
heat flux striking the surface & due to a point source fire (kW)

heat flux striking the surface & due to emitting gas layer /7 (kW)

time-dependent heat release rate per unit area (kW/m?)
heat release rate per unit area (kW/m?)

heat release rate of the gas burner (kW)

heat release rate per unit length of the gas burner (kW)
convective heat release from the fire (kW)

time-dependent heat release rate measured in cone calorimeter
(kw/m?)

total heat release from the fire (kW)

peak rate of heat release measured in cone calorimeter test (kW/m?)
peak heat release (kW/m?)

heat release at time £ (kW)
heat release rate at the time of sprinkler activation (kW)

cumulative radiant energy per unit area at time £in a compartment fire
(k)/m?)

cumulative radiant energy per unit area at time ¢in a standard fire
resistance test (kJ/m?)

radial distance from the centre of the plume (m)

radial distance (in plan view) from the centre of the burning object to
the nearest part of a secondary item (m)

universal gas constant (J/kmol/K)
volume of air breathed (litres/min)
response time index (m s)%2

wood crib stick spacing (m)

surface area of a flame volume (m?)
time (s)

sprinkler activation time (s)

time to ignition in cone calorimeter (s)
time for y pyrolysis front to reach ceiling (s)
dummy variable of integration
temperature (K)

temperature of the ceiling jet (K)

surface temperature for ignition (K)
temperature of detector/sprinkler link (K)
flame temperature (K)

flashover temperature (K)

gas temperature (K)

initial surface temperature (K)

3
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T = temperature of the lower gas layer (K)
T = temperature of the upper gas layer (K)
T: = temperature of the gas layer /(K)
Tom = temperature of node m at time p (K)
Ts = surface temperature (K)
T min = minimum surface temperature for spread (K)
Te = reference temperature of ambient air (K)
Uy = velocity of the ceiling jet (m/s)
|74 = visibility in upper layer (m)
v = volume of the lower layer (m?3)
Va = volume of the upper layer (m?3)
Vr = volume of the room (m3)
w = vent width (m)
Wo = width to which vent flow expands to (m)
w'! = water spray density (mm/s)
w = room plan width (m)
ws = width of the compartment opening (m)
Ws = humidity ratio of air at saturation
Xp = pyrolysis front in lateral direction (m)
Xp,0 = initial pyrolysis front in lateral direction (m)
Xr = position of the flame front (m)
Y = flame length in upward direction (m)
Vo = pyrolysis front in upward direction (m)
Vo = initial pyrolysis front in upward direction (m)
Y = mass fraction of species /in the lower layer
Yiu = mass fraction of species /in the upper layer
Yo = mass fraction of species 7in ambient air
Ysoor = mass fraction of soot in the upper layer
Zp = pyrolysis front in downward direction from ceiling jet (m)
Zs = entrainment height from top of the compartment opening to the
underside of the smoke layer (m)
Z = height of the smoke layer from the base of the fire (m)
Zo = virtual origin (m)
Zn = height of the neutral plane (m)
96COHb = concentration of carboxyhemoglobin in the blood (%)
a = thermal diffusivity (m?/s)
a = fire growth rate coefficient (kWs2 or kWs3m™)
a; = total absorptance of gas-soot mixture
“}—k = absorptivity of gas layer /for a path between surfaces jand &
£ = emissivity
& = total emissivity of gas-soot mixture

4
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AH ch,vc

AH ch,wv
Ax

density (kg/m?3)

Kronecker delta function

G/ ¢

density of the lower layer (kg/m?3)

density of the upper layer (kg/m?3)

radiative fraction of energy loss by radiation from the flame/plume
radiant loss fraction under ventilation-controlled conditions
surface regression rate for wood (m/s)

flame spread parameter (kW?/m?3)

global equivalence ratio

relative humidity

solid angle between surface  and a point source fire
Stefan-Boltzmann constant (= 5.67 x 10—8 W/m2K%)

time constant for the detector (s)

time to ignition (s)

radiation transmission factor

time to ignition of the wall lining (s)

transmissivity of gas layer ' for a path between surfaces J and &
yield of species ' from the pyrolysing fuel (kg species kg fuel)
yield of soot from the pyrolysing fuel (kg soot/kg fuel)
incremental change in pyrolysis area (m?)

time step (s)

heat of combustion (kJ/g)

chemical heat of combustion under ventilation-controlled conditions
(kJ/9)
chemical heat of combustion under well ventilated conditions (kJ/g)

incremental surface thickness for heat conduction calculation (m)
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1. Introduction

B-RISK is a fire simulation model and software program comprising a fire risk simulator
for generating probability distributions for relevant model outputs, given that statistical
distributions to key input parameters are assigned. Central to B-RISK is an underlying
deterministic fire zone model previously developed and known as BRANZFIRE (Wade,
1996; Wade & Barnett, 1997; Wade, 2000). B-RISK has included and extended the
physics of the core BRANZFIRE model and provides the user with a new tool for better
understanding of the uncertainty and risk associated with fires in building enclosures.

The B-RISK model may be used for both single deterministic runs for predictions of
smoke spread within enclosures as well as for multiple iterations of a scenario. The
latter is useful for the purpose of sensitivity analysis or for producing probabilistic
descriptors of fire risk under defined conditions.

This report is a revision of BRANZ Study Report SR282 (Wade et al., 2013) and applies
to B-RISK software version 2016.02.



BRANZ

Study Report SR364 B-RISK 2016 user guide and technical manual

2. Computer requirements

B-RISK has been written in Microsoft Visual Basic 2008 using the VB.NET framework to
run on any computer using a Microsoft Windows XP or later operating system.

B-RISK can be downloaded by visiting www.b-risk.com.

Smokeview software version 6.0.x or 6.1.x (Forney, 2012) can be used for visualisation
of B-RISK models but must be installed separately. It can be downloaded from
https://bintray.com/nist-fire-research/releases/SMV.

See Appendix C for troubleshooting tips.


http://www.b-risk.com/
https://bintray.com/nist-fire-research/releases/SMV
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3. Setting up a project

3.1 User mode

There are two user modes available within B-RISK located under the FILE menu
command (see Figure 1).

¥ B-RISK DESIGN FIRE TOOL 2016.01 - RISK SIMULATOR MODE
il File @] Console U} Room Design  #f Ventilation T Sensors A Fin

User Mode 4 NZBC - VM2

1 New Ctrl+N Risk Simulator _
New ISOS705 Simulation
Open Base Model e Carlo Graphics 4 Close Graph

Save Base Model
Save Base Model As
Load Input*.xml File

Set Default Parent Riskdata Folder

Utilities >
Export >

Simulation L
Page Setup

Exi
it
1
I

Figure 1. User mode selection.

NZzBC - VM2 mode refers to a mode of operation designed to support the Verification
Method (MBIE, 2014) for fire safety design for compliance with the New Zealand
Building Code. C/VM2 provides specific input values for the design fire as well as a
number of modelling rules to be applied when using computer fire models. Selecting
VM2 mode in the software will enable/disable certain features and capabilities within
the software (see Table 1) and change certain default input values to be in accordance
with C/VM2. While some input values become preset using this mode, the user is still
responsible for reviewing all input for correctness and compliance with C/VM2.

RISK SIMULATOR mode provides access to all publicly available features in the software
including the design fire generator for populating rooms with contents and the item-to-
item fire spread routines.

A summary of the relevant settings and sub-model availability for the two user modes
is given in Table 1.
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Table 1. Summary of user mode settings.

C/VM2 mode Risk Simulator mode
FED asphyxiant gas Option 2 — FED(CO) C/VM2 based on ISO | Option 1 -
calculation 13571 FED(CO/CO2/HCN) or
See section 7.3 Option 2 — FED(CO)
C/VM2 can be selected
FED thermal Follows ISO 13571 Follows ISO 13571
calculation See section 7.4 See section 7.4

Design fire rate of
heat release

Power law design fires with initial defaults
See section 4.5 for details

Power law design fires
or user-specified

Sprinkler system
response

Probability of suppression = 0 (control
mode)

Sprinkler cooling coefficient = 1
Sprinkler radial distance as specified,
option to calculate based on location of
sprinkler is disabled

All options available
See also section 8

Smoke detector

Detector response based on optical

Detector response can

response density outside the detector housing be based on optical
See section 9 density inside or outside
the detector housing
Combustion Use VM2 fuel type with: Choice of available fuels

parameters — fuel
type

Flame emission coefficient = 1.0 (1/m)
Fuel formula = CH200.5

No HCN generation

CO2 yield = 1.5 g/g

H20 yield = 0.82 g/g

CO yield = 0.04 g/g pre-flashover

CO yield = 0.4 g/g post-flashover
Soot yield = 0.07 g/g pre-flashover
Soot yield = 0.14 g/g post-flashover
Also see sections 6.6 and 6.7

or user defined

Flashover criterion

Upper layer temp = 500°C

Choice of criteria

Ventilation limit and
post-flashover

See section 6.14.2

behaviour
Design fire x 4
generator, room
population
Enhanced burning x v
option
Item-to-item ignition x v
and fire spread to
secondary targets
Post-flashover wood x 4
crib model

x v

Flame spread model
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3.2 Monte Carlo simulation

B-RISK allows the user to carry out a single-run deterministic analysis for a specific
building with fixed input values. It also allows the user to carry out multiple runs where
selected input parameters can be described with a statistical distribution (see section
3.5), which is randomly sampled to obtain the input value for each successive iteration.

A stratified sampling method similar to Latin hypercube sampling (Vose, 2000) is
employed over Monte Carlo sampling, as being a more efficient technique. However,
unlike Latin hypercube sampling, each input parameter is sampled independently. The
method can be briefly summarised as follows:

e A cumulative density function F(x) corresponding to the probability distribution f(x)
for an input parameter is split into 7 intervals of equal probability, where nis the
number of iterations to be performed.

e For the first iteration, one of the intervals is randomly selected, and within that
interval, a value of F(x) is randomly sampled.

e The value of x = G(F(x)) is calculated for that value of F(x).

e The process is then repeated for the next and subsequent iterations, with a new
interval sampled each time, except that each interval is only sampled once and,
once sampled, is marked so as not to be selected again.

e The method is repeated for each input parameter.

Figure 2 illustrates, as an example, the intervals used for a normal random variable
using five iterations.

— A B C D o
1
0.8
0.6
04
0.2 ¢
0
—eo A B C D o

Figure 2. Intervals used with a Latin hypercube sample of size 7 = 5 in terms of the
density function and cumulative distribution function for a normal random variable
[extracted from (Wyss & Jorgensen, 1998)].

10
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3.3 Creating, saving or opening models and file/folder
locations

Each simulation project is stored in a separate folder or directory. The project
subfolder will be automatically created when a project is saved and will be given the
base file name appended with the suffix “basemodel_", for example,
C:\Users\userxyz\Documents\B-RISK\riskdata\basemodel_default.

Project folders are located beneath the riskdata folder, i.e. “...\riskdata\myproject\”.
The user can change the default riskdata parent folder location from the FILE menu.
The currently selected default location of the riskdata folder and the current project
folder are displayed beneath the output log screen. Projects can be run from other
locations, but a prompt will ask the user if they wish to copy the project to the riskdata
folder.

The main project file will be saved in the same folder and given the name
“basemodel_default.xml”, where the text in italics is that entered as the base file name
in the B-RISK Console screen by the user as shown in Figure 3 below.

The basemodel_default.xml file can also be modified in a text editor.

Simulation Leog

Base File Name |default

Max No. of lterations
Maximum Simulation Time (sec)
MC Output Interval (sec)

EXCEL output interval (sec)

- - W
[=] (=]

Display/Print interval (sec) 0

lgnite Secondary tems []
Teminate lterations at Flashover [
Teminate lteration when Fuel Consumed [ ]

Save Vent Flow Data in Log File []
Default riskdata folderis: C:\Use

Curmrent project folderis: C:\User

Figure 3. Base file name for naming project base file “basemodel_defau/t.xml".

There are eight additional files created in the project folder called “distributions.xml”,
“rooms.xml”, “vents.xml”, “cvents.xml”, “items.xml”, “fans.xml”, “smokedetects.xml|”
and “sprinklers.xml” as shown in Figure 4. These files contain input data required for
the simulation and must be present. After running a simulation, various additional input
and output files will also be created and stored in the same project folder.

—

1
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> ThisPC » Documents » B-RISK > riskdata > basemodel_default

Name

d vents.xml

ﬂ sprinklers.xml

\j smokedets.xml

d recoms.xml

| | itemsxml

d fans.xml

| distributions.xml

\j cvents.xml

d basemodel_defaultxml

\:] basemodel_default.smv

Date modified

21/01/2016 3:13 PM
0/02/2015 4:09 PM
2/2015 4:.09 PM

21/01/2016 3:12 PM

20/02/2015 4:08 PM

18/01/2016 2:53 PM

Figure 4. Project files and folder hierarchy.

Type

XML Document
XML Document
XML Document
XML Document
XML Document
XML Document
XML Document
XML Document
XML Document

SMV File

Size

A project or model is saved by using the FILE, SAVE BASE MODEL AS menu item (see

Figure 5) or the SAVE icon on the toolbar. The folder and file name is automatically

assigned using the base file name entered in the Console screen.

The FILE, SAVE BASE MODEL AS menu item allows the user to save the project folder in
another location chosen by the user.

Ei B-RISK DESIGN FIRE TOOL 2016.01 - RISK SIMULATOR MODE

User Mode

New

New ISO9705 Simulation

Open Base Model
Save Base Model

Ctrl+N

»

Save Base Model As

Load Input*.xml File

Set Default Parent Riskdata Folder

Utilities
Export
Page Setup
Exit

i File |[&] Console { }Room Design =fj Ventilation

e Carlo Graphic

Figure 5. Saving the base model.

]

Similarly, a project or model can be opened using the FILE, OPEN BASE MODEL menu item.

After a simulation has been run, a single input file from that simulation can be loaded
using the FILE, LOAD INPUT*.XML FILE menu item. This enables results to be shown and

plotted for that simulation.

12
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A new project using room dimensions, materials, gas burner and ventilation opening as
per the ISO 9705 standard room test specification can be loaded from a template by
using the FILE, NEW 1S09705 SIMULATION menu item.

The FILE, NEW menu item can be used to reload the original data for the default case.
The data is stored and copied from files stored in the C:\Program Files (x86)\BRANZ\
folder location.

The fire and thermal databases are found in the dbases folder under the application
folder, and these are copied to the user’s documents folder for new projects as shown
in Figure 6. This allows the user to customise these database files without losing the
original default files.

> ThisPC » Local Disk (C:) » Program Files (x86) > BRANZ > B-RISK 2015.071

~

Name Date modified Type
[#]] fire.mdb 24/01/2012 10:59 ... Microsoft Access
[#]:| thermal.mdb 8/07/2012 5:51 PM Microsoft Access
« Users » branzcw > Documents > B-RISK > dbases v O
New folder
2 Name B Date modified Type
[#]]] fire.mdb Microsoft Access

| [#]5] thermal.mdb
[#]5] thermal-1.mdb

Microsoft Access

Microsoft Access
Figure 6. Location of database files.

The user is also able to load database files stored in alternative locations using the
FILE, UTILITIES menu item (see Figure 7).

Ei B-RISK DESIGN FIRE TOOL 2016.01 - RISK SIMULATOR MODE

Wl [@] Console ;7 Room Design -ﬂVentiIation 1? Sensors ?_\ Fire Specification 6 Tenab
User Mode >
New Ctrl+N
New I1SO9705 Simulation

Open Base Model e Carlo Graphics  [.§ Close Graph =} Close Console
Save Base Model

Save Base Model As
Load Input*.xml File

Set Default Parent Riskdata Folder

Utilities 4 Change Fire Database File (fire.mdb)
Export » Change Materials Database File (thermal.mdb) =
Page Setup Development Key
E—
Exit
1
,

Figure 7. Change location of fire and materials database files.
13
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3.4 Project settings

The B-RISK Console screen (see Figure 8) allows the user to specify the following
parameters:

MAX NO. OF ITERATIONS — the number of repeated simulations to run with sampling of
specified input parameters with distributions as specified by the user.

MAXIMUM SIMULATION TIME (SEC).

MC OUTPUT INTERVAL (SEC) — the data interval used for saving/plotting output (e.g.
time series plots, histograms) from multiple iterations. In some cases, data storage
requirements may require this to be a larger value than the time step used within
each iteration. Cannot be less than the solver time step.

EXCEL OUTPUT INTERVAL (SEC) — the data interval used for exporting data to an Excel
spreadsheet. Cannot be less than the solver time step.

DISPLAY/PRINT INTERVAL (SEC) — the data interval used for displaying output using the
VIEW, VIEW RESULTS menu item. Cannot be less than the solver time step.

IGNITE SECONDARY ITEMS (checked/unchecked) — allows item-to-item fire spread to
be modelled where multiple items have been located within the fire room (see
section 4.3.2).

TERMINATE ITERATIONS AT FLASHOVER (checked/unchecked) — each iteration is
terminated when the flashover criterion is given under the MISC SETTINGS,
POSTFLASHOVER BEHAVIOUR menu item. This provides a quick option to terminate
iterations where the user is only interested in pre-flashover behaviours.

SAVE VENT FLOW DATA IN LOG FILE (checked/unchecked) — this option provides the
user with access to detailed information about the magnitude and direction of vent
mass flow for each wall vent or ceiling vent. These can be inspected for a
completed simulation using the VIEW, VIEW WALL VENT FLOW DATA and VIEW, VIEW
CEILING VENT FLOW DATA menu items respectively.

B-RISK CONSOLE

[l Export Monte Carlo Results ] Monte Carlo Graphics 2 Close Graph  #fj Close Console

Iterations Completed Iterations completed: 10

) Start Simulation

Settings

Simulation Finished. A
FED(thermal) Exceeded 0.3 at 79.0 Seconds.

Base File Name |default FED(CO) Exceeded 0.3 at 442.0 Seconds.

57 sec. Vent 1-2-1 opened when ventilation limit reached.
Max No. of ferations S5 sec. Ventilation Limit 53 ki.
16 sec. Visibility at 2m above floor reduced toc 10 m in room 1
Maximum Simulation Time (sec) 0 sec. Item 1 description ignited.
Iteration 10

600

MC Outpt Interval (sec) |30 FED(thermal) Exceeded 0.3 at 79.0 Seconds.
10 -
10

EXCEL output interval (sec) Exceeded 0.3 at 442.0 Seconds.
¢ c. Vent 1-2-1 opened when ventilation limit reached.
c. Ventilation Limit 53 kW.
16 sec. Visibility at 2m above floor reduced to 10 m in room 1
0 sec. Item 1 description ignited.
Iteration 9
Teminate lterations at Flashover [] FED(thermal) Exceeded 0.3 at 79.0 Seconds.
FED(CO) Exceeded 0.3 at 442.0 Seconds.
$7 sec. Vent 1-2-1 opened when ventilation limit reached.
0O S5 sec. Ventilation Limit 53 kW.
Default riskdata folder is: C:\Users\branzcw\Documents\B-RISK riskdata\
Current project folder is: C:\Users\branzew\Documents\B-RISK\riskdata‘\basemode!_default

Display/Print interval (sec)

lgnite Secondary tems []

Teminate lteration when Fuel Consumed []

Save Vent Flow Data in Log File

Figure 8. B-RISK Console screen.

The Console screen includes an area for displaying a running log or commentary on
events and warnings as each iteration progresses. A right-clicked mouse button allows
the log contents to be saved to a rich text file or copied to the windows clipboard.

14



BRANZ

Study Report SR364 B-RISK 2016 user guide and technical manual

3.5 Assigning statistical distributions to input variables

A selected number of input parameters can optionally be assigned a statistical
distribution for sampling from for each iteration as described in section 3.2. The
distributions currently available and the parameters required (in brackets) are:

uniform (lower bound, upper bound)

triangular (lower bound, mode, upper bound)
normal (mean, variance, lower bound, upper bound)
lognormal (mean, variance).

When a distribution is available to be assigned to a given variable, a DISTRIBUTION
command button will be shown adjacent to the input variable, as shown for the
ambient conditions in Figure 9. The input screen for describing individual distributions
is shown in Figure 10.

Interior Temperature (C) 17 distribution
ExteriorTemperature (C) 17 distribution

Relative Humidity (%)

o
o

distribution

Figure 9. Example of input variables with distribution option.

atl Edit Distribution [ % |

Interior Temperature (C)
Interior ambient temperature in all rooms

Uniform v

Value |74

Mean (<’

Mode |26
Variance |5

Upper Bound 34

Lower Bound 2

Figure 10. Example input screen for entering distributions.

Table 2 lists the input parameters to which a statistical distribution can be assigned. All
inputs are treated as independent variables.

15
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Table 2. Input parameters to which a statistical distribution can be assigned.

Ambient conditions Interior temperature °C
Exterior temperature °C
Relative humidity %
Wood crib post-flashover model | Fuel heat of combustion MJ/kg
CO/soot (manual input) CO pre-flashover yield a/g
Soot pre-flashover yield a/g
Rooms Room length m
Room width m
Wall vents (each vent) Vent width m
Vent height m
Probability vent is initially closed -
Hold-open device reliability -
Ceiling vents (each vent) Vent area m?
Sprinkler system Sprinkler system reliability -
Probability of suppression -
Sprinkler cooling coefficient -
Number of sprinklers required for -
suppression (discrete distribution only)
Sprinkler head (each head) RTI (m s)1/2
Activation temperature °C
C-factor (m/s)Y/2
Water spray density mm/min
Radial distance (plume centre to m
sprinkler head)
Distance below ceiling m
Smoke detection system System reliability -
Smoke detectors (each Optical density at alarm 1/m
detector) Radial distance (plume centre to smoke |m
detector)
Distance below ceiling m
Characteristic length m
Mechanical ventilation system | System reliability -
Fans (each fan) Fan flow rate m3/s
Pressure limit Pa
Start time S
Fan reliability -
Fuel Fire load energy density MJ/m?

Power law design fire

Growth rate coefficient (alpha)

kWs2 or kWs3m'!

Peak rate of heat release

kw

Fuel item properties (each item)

Heat of combustion ki/g
Soot yield a/g
CO:z yield a/g
Latent heat of gasification ki/g
Radiant loss fraction -

Heat release rate per unit area kW/m?

16
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3.6 Building description

3.6.1 Building geometry and room dimensions

A description and project identification can be added to printouts by specifying details
using the MISC SETTINGS, DESCRIBE PROJECT menu item as shown in Figure 11.

"""""""""""""""""""""""""""""""""" o
:ad ﬁ Misc Settings | ) View ﬂ Single Run Graphs 24 SmokeView Help

Printout Options

| Describe Project |

Solvers
Ambient Conditions
Compartment Effects

Postflashover Behaviour

—— Model Physics

gz Settings )

General Model Physics Combustion Parameters Environment Tenability
Fire Growth Solvers Post Flashover CO / Soot Other

= Description of Current Project

Job Number

Figure 11. Project description.

Room enclosures must be represented as rectangular volumes with a defined length,
width and height as shown in Figure 12.

Where the floor area (4¢) and room perimeter (P) of a non-rectilinear room of volume
(V&) are known, this should be converted to an equivalent rectilinear room as described
here. In order to better represent the heat transfer by conserving both room volume
and surface area, it is recommended that the length (L), width () and height (#) of
an equivalent rectilinear volume is determined by:

2

P P
,_z(E) -4 (1)
2
_Ar
W_T (2)
4
H=7 (3)

The X and Y coordinate system is associated with the length and width dimensions
respectively.

17
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A room can be offset from the coordinate origin by specifying the absolute X position
and absolute Y position as shown in Figure 12. These horizontal offset parameters are
only used to correctly display the building geometry using the Smokeview software
(Forney, 2012). They do not affect any calculations made by the fire model, and
therefore it is not essential to include them.

The floor elevation of a room is specified relative to an arbitrary datum level set at or
lower than the floor level of the lowest room in the model.

When locating a vent within a wall, the specific wall segment in a room is identified
using a face property, where the face is one of the following: “front, right, rear or left”

as shown in Figure 12.
\
Height, room 4

—-—"—"——_." 4 '\'.
- \
Stair X
/3 Floor
— right :vation
e m 4
Y, width
v\ X, length
. L~

AbsY position
room 3

front

left 0,0,0)
Figure 12. Building geometry.

Rooms are managed from the ROOM DESIGN, ROOMS menu as shown in Figure 13.
Rooms can be added, edited, copied or removed from the project. The entry form for
setting dimensions of a room is shown in Figure 14.

A sloping ceiling can be defined by specifying different values for the MINIMUM HEIGHT
and MAXIMUM HEIGHT parameters. The change in cross-sectional area over the height of
the enclosure will be taken into account when determining the volume of the smoke
layer and the height of the smoke layer above the floor. The fire plume is assumed to
be located beneath the highest part of the ceiling. Activation time of sprinklers and
detectors will also be determined using the MAXIMUM HEIGHT parameter.

The sloping ceiling will not be portrayed in Smokeview visualisations where the
enclosure height will be represented by the MAXIMUM HEIGHT parameter and a flat
ceiling.

More complicated roof shapes that change in cross-section over their height should be
represented as flat roof enclosures using equations (1)—(3), but the layer height and
concentrations may not be accurate over the upper part of the enclosure where the
cross-sectional area changes. Therefore, in those cases, the simplified geometry is only
valid where occupants are not located at upper levels within the enclosure.

18
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ES B-RISK DESIGN FIRE TOOL 2016.01
ﬂ File m Console |{} Room De5|gn -iVentllatlon T Sensors O Fire Specification GTenablllty

DEEHS =

- RISk ULATOR MODE

Ll B P

a5} Manage Rooms a X
IRoom Description Length (m) Width (m) Height (m)
1 room 3.¢ 2.4 Add Room
Edit
Copy
Remove
Close
.Y TT+Fay=+v1An 10
Figure 13. Rooms.
a5 Edit Room O X
Units

Figure 14. Room dimensions entry form

3.6.2  Adding horizontal flow (wall) vents

Horizontal flow or wall vents such as doors and windows are managed from the

Length m distribution

. Width m | distribution

Minimum Height m

Maximum Height m
i Elevation D m

bs x - coordinat
! asxcoome\C’m
' abs y - coordinate D m

Description |room |
M
Cocs

VENTILATION, WALL VENTS menu as shown in Figure 15. Wall vents can be added, edited,
copied or removed from the project. The entry form for setting properties of a wall

vent is shown in Figure 16.
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) B-RISKDESIGNFIRETOOL (20120.2863¢) = 7= R ——
. [iFile [&)Console {}Room Design |=fj Ventilation | T Sensors ) SelectFire % Tenability 4 Flame Spread
NS HSE | WallVents |
l Ceiling Vents
Mechanical Fans
ol Vents IM) —
B-RISK CONSO!
mFile 4 [ ID Description Reoom Roem ‘ Add _
1 Vent 1 1 2
Remove
& d g
Settings
Bad
\ .

Figure 15. Horizontal flow or wall vents.

o) Edit Vent _ X
Connecting room |1 v face | Left v toroom |outside
Description I Vent Type
Vent Width (m) distribution ® Standard
Vent Height (m) distribution (O 2D Adhered Plume

Vent Sill Height (m) (O 3D Adhered Plume

Horizontal Offset in Wall (m) (O 2D Balcony Plume

Vent OpeningTime (sec) (O 3D Channelled Balcony Plume

Vent Closing Time (sec) (O 3D Unchannelled Balcony Plume

Discharge Coeff. (1)

Glass Fracture Model
Projection Distance (m)

(® Use Manual Vent Opening Settings

(O Auto Break Glass (use glass fracture model)

Prob. Vent Initially Closed distribution

— ==} o nN g
@

co =

o

o

@

Hold Open Device Reliability distribution Vent - Glass Properties

Vent Open/Close Options Save

Figure 16. Input form for wall vent properties.

Vents placed within walls are considered to be rectangular, with height, width and the
sill height (above floor level of the first connecting room) defined. The face property
refers to the first room using the notation shown in Figure 12. The vent offset property
is used as described in section 3.6.4.

The basis for the wall vent flow calculations is described later in section 6.10.1.

The discharge (or flow) coefficient is typically in the range 0.6-0.7 for square-edged
rectangular openings with a default value of 0.68. The user is responsible for entering
an appropriate value if the vent is not a square-edged rectangular opening. In cases
where the top of the vent is flush with the ceiling, a value of 1.0 is recommended.
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The vent type determines the entrainment sub-model used to calculate the mass flow
entrained into the hot gases leaving through the vent opening and rising to the ceiling
in an attached room. Vent type can be adhered or balcony spill plumes (see section
6.11) or a standard vent (see section 6.10.3). For flows from a room to an outside
space, the vent type will therefore have no effect as the entrainment occurs outside
the building. The basis for calculating mass flow and entrainment into adhered plumes
and balcony spill plumes is given in sections 6.11.2 and 6.11.3 respectively.

A distribution (uniform, triangular, normal, lognormal) may be optionally assigned to
the following inputs:

e Vent width.
e Vent height.
e Probability of the vent initial state being closed.

Vents are considered to be initially open except in the following situations:

e When a non-zero value for the vent opening time is entered, in which case, the
vent is initially closed, opens at the vent opening time and closes at the vent
closing time.

e When the vent is set to open at flashover, when the ventilation limit is reached or
when a detector responds. These options are set using the vent opening options
form (see Figure 17).

e When the AUTO BREAK GLASS option is selected, the vent is assumed to be initially
closed and fully glazed. A glass fracture and fallout sub-model is used to determine
the time for the vent to be opened. The glass properties can be specified using the
VENT - GLASS PROPERTIES button (see Figure 16). The basis for modelling fracture of
window glass is given in section 10.

e When the value entered for the probability the vent is initially closed is non-zero. In
this case, a uniformly distributed random number between 0 and 1 will be sampled
for each run, and if this sampled value is greater than the probability value
entered, the initial state of the vent will be open. Conversely, if the sampled value
is less than the probability value entered, the initial state of the vent will be closed.
This is achieved by setting the discharge coefficient to zero. Note that, if using this
option causes the initial state of the vent to be closed, using the vent opening
options will not subsequently open the vent.

The opening (and closing of vents) is not instantaneous but is assumed to occur over a
2-second period with a linear change occurring in the width of the vent from fully
closed to fully open (and vice versa).

Wall vents may be set to open automatically based on specified conditions or triggers
reached during the simulation. These include at flashover, upon reaching the
ventilation limit, upon reaching a minimum fire size or upon activation of a smoke/heat
detector or sprinkler. The options are shown in Figure 17. To use any of the options on
this screen requires ENABLE AUTOMATIC OPENING OPTIONS FOR THIS VENT to be checked.
The vent also needs to connect to the room of fire origin to automatically open using
the flashover, ventilation-limit or fire size triggers.

The opening of the vent can be delayed following the trigger event by entering a
desired time period in the text input box. The duration of the vent remaining open can
also be specified by entering a desired time period in the appropriate text box.
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Enable Automatic Opening Options for this Vent

Auto Opening Trigger Time Vent Opens After Trigger Duration Vent is Open

[] Smoke Detectorin Room sec @ sec

[[] Themal Detector or Sprinkler

[] Fire Size kW) IC sec ‘C] sec

Open at Flashover Hold-open device fitted to this vent

Device closes the vent 30 sec after when any smoke
detector responds in room 1

Open when ventilation limit reached

Save Settings

Figure 17. Input form for vent opening options.

Allowance for compartment leakage is not included in B-RISK. The user is required to
represent any leakage through the compartment boundaries by adding vents. It is not
recommended that B-RISK be used to model fully sealed compartments.

3.6.3 Hold-open devices

A hold-open device can be associated with a vent (usually a door that will be held open
under normal use conditions but is to be kept closed under fire conditions) by checking
the relevant checkbox in the WALL VENT OPENING OPTIONS screen (see Figure 17). The
hold-open device will release and automatically close the opening following the
activation of a smoke detector in the room selected under AUTO OPENING TRIGGER. If a
hold-open device is to be assigned to a vent, the option to also open the vent using a
smoke detector should not be checked at the same time. If a smoke detector delay
time is entered, it will be used to delay the activation of the hold-open device (i.e. to
allow for a notification time).

A reliability value in the range 0-1 (or distribution if desired) applying to the hold-open
device can be specified as shown in Figure 16. For each iteration, the reliability
parameter (sampled from the assigned distribution if applicable) is compared to a
uniformly selected random number between 0 and 1, and if the value is greater than
the random number, the hold-open device is deemed ineffective and is assumed to not
operate, otherwise the device operates as intended.

3.6.4 Displaying vents in Smokeview

This section describes the notation for positioning wall vents to display correctly in
Smokeview. The “Face” and “Offset” settings are used only for visualisation purposes,
and they do not affect the fire model vent flow calculations. See section 3.7 for further
details on using Smokeview with B-RISK.
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vent-roomlto2

right face (of room 1) vent - room 2 to 3 (outside)
offset=1m rear face (of room 2)

\ offset/:Zm
/N \\ T~

~

offset=2m
room 2

\ offset=1m
: x-axis =length

o vent - room 1 to 3 (outside)
(0,0) origin front face (of room 1)
offset=2m

offset=2m

Figure 18. Vent positioning notation for Smokeview visualisation.

3.6.5 Adding vertical flow (ceiling) vents

Vertical flow (ceiling) vents are managed from the VENTILATION, CEILING VENTS menu as
shown in Figure 19. Ceiling vents can be added, edited, copied or removed from the
project. The entry form for setting properties of a ceiling vent is shown in Figure 20.

For each vent, the lower room and upper rooms must be selected from the drop-down
boxes and the area of the vent entered. The ceiling vent area can be assigned a
distribution.

A discharge coefficient for the ceiling vent can be entered by the user (default is 0.6).

Ceiling vents may be set to open automatically based on specified conditions or
triggers reached during the simulation. These include at flashover, upon reaching the
ventilation limit, upon reaching a minimum fire size or upon activation of a smoke/heat
detector or sprinkler. The options are shown in Figure 21. To use any of the options on
this screen requires ENABLE AUTOMATIC OPENING OPTIONS FOR THIS VENT to be checked.
The vent also needs to connect to the room of fire origin to automatically open using
the flashover, ventilation-limit or fire size triggers.

The basis for the ceiling vent flow calculations is described in section 6.12.

Ceiling vents are shown as being centrally located in the ceiling and are shown as
square in shape when using Smokeview for visualisation purposes (see section 3.7).
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B-RISK DESIGN FIRE TOOL 2016.01 - RISK SIMULATOR MODE
i File [&] Console {} Room Design
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a5 Ceiling Vents
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#) Ventilation | T Sensors
Wall Vents

| Ceiling Vents

Mech Ventilation
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Figure 19. Managing ceiling vents.

| A
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New Vent

Connecting upper room W

Description |vent label

Vent Area (m2) |1

Vent OpeningTime (sec) D
Vent Closing Time (sec) D
Discharge Coefficent ()

I Vent Opening Options I

w T

Figure 20. Input form for ceiling vent properties.
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Enable Automatic Opening Options for this Vent

Auto Opening Trigger Time Vent Opens After Trigger Duration Vent is Open

[J Smoke Detectorin Room |1 v 0 sec D sec

[] Themal Detector or Sprinkler

Ofeszew) [0 | b ] e O

[[] Open at Aashover
[C] Open when ventilation limit reached

Save Settings

Figure 21. Ceiling vent opening options.

3.6.6  Adding mechanical ventilation fans

Mechanical ventilation using fans is managed from the VENTILATION, MECH VENTILATION
menu as shown in Figure 22. Fans can be added, edited, copied or removed from the
project.

The mechanical ventilation system can be assigned a reliability value in the 0 to 1
range or a distribution. This influences the overall system operation and could be used
to represent the probability of a fault that would disable all fans in the system. To
model a perfectly reliable system, this value should be set to 1.0.

For each iteration, the reliability parameter (sampled from the assigned distribution if
applicable) is compared to a uniformly selected random number between 0 and 1, and
if the value is greater than the random number, the mechanical ventilation system is
deemed ineffective and is assumed to not operate, otherwise the system operates as
intended.

The entry form for setting properties of an individual fan is shown in Figure 23.

Fans can be set to either extract from or supply to the designated room at the
nominated flow rate and elevation or height specified.

In addition to the system reliability value above, a reliability value or distribution can
also be assigned to an individual fan.

A fan can be activated at a set start time (manual) or be automatically started
following the operation of a local smoke detector located in the same room as the fan
or by a smoke detector in the room of fire origin.
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Qi File  [&]Console  { ) Room Design |#fj Ventilation | T Sensors

2 Fire Specification

Wall Vents
Ceiling Vents

Mech Ventilation

NEds =

IID Room  flow rate [m3/s) elevation [m) |
1 1 10.000 3.000 I Add Fan I
Mech Vent System Reliability 0

Figure 22. Mechanical ventilation.

Fan Flow Rate 10 m3/s

Pressure Limit 50 Pa

Fan Start Time 0 sec distribution

Fan Reliabilty 1 distribution
Elevation 3 m

Actuation Method

@ Manual () Automatic (by Local Smoke Detector)

() Automatic (by Smoke Detector in Room of Fire Origin)

@ Extract from room () Pressurisefsupply to room

Use Fan Curve? [ Cancel ][ Save ]

Figure 23. Input form for fan properties.

A fan curve, which specifies the relationship between the flow rate and the cross-fan
pressure difference (as described in section 6.15), can optionally be used.
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The file called “fans.xml” contains the details about each fan and what distributions, if
any, have been assigned.

This file will be found in the relevant project folder under the “Riskdata” directory (e.g.
C:\Users\...\Documents\B-RISK\riskdata\basemodel_ defau/f\fans.xml).

The input files (inputxxx.xml) created by B-RISK contain the fan data for each iteration
including the sampled system reliability value and whether the mechanical ventilation
system is operational (True) or not (False). These are contained within the
<fans></fans> xml element.

Where parameters have previously been assigned distributions, these files contain the
sampled values for each iteration.

Individual fans also are assigned a reliability value or distribution, and their operational
status is also given (True/False) within each <fan></fan> xml element.

- <fans operational_status="False" sys_reliability="0.5000">
- <fan id="1" room="2">
<flow_rate>10</flow_rate>
<start_time>1</start_time>
<fan_reliability>1</fan_reliability>
<pressure_limit>50</pressure_limit>
<elevation>48</elevation>
<extract>False</extract>
<manual=2</manual>
<fan_curve>True</fan_curve>
<operational_status>True</operational_status>
</fan>
</fans>

3.7 Using Smokeview

Smokeview (Forney, 2012) is a software tool designed to visualise numerical
calculations generated by fire models. Smokeview and associated documentation may
be downloaded from the website https://bintray.com/nist-fire-research/releases/SMV.
B-RISK requires Smokeview Version 6.0.x or 6.1.x to be separately installed on the
user’'s computer. It is not included as part of the B-RISK installation.

Smokeview can be used to view the model geometry including wall and ceiling vents
and can visualise temperature and smoke concentration predictions in B-RISK using
the SMOKEVIEW menu item as shown in Figure 24.

The model geometry details are stored in a file called “basemodel_default.smv"” (where
the text in italics is that entered as the base file name in the B-RISK Console screen),
which is read by Smokeview to display the model. When running a simulation, B-RISK
creates a .csv file called “basemodel_default zone.csv” containing output from the
model simulation that is available for use by Smokeview. This is created in the project
folder.

Users should be aware that the vent flow data displayed by Smokeview is not accurate,
as it is not read from B-RISK output and does not account for any change in the
open/close status of vents.

Readers are referred to the Smokeview documentation (Forney, 2012) for further
details on using this software.
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Smokeview 6.0.5 - Nov 6 2012

Frame: 2
Time: 600.0

mesh: 1

Figure 24. Smokeview visualisation.
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4, Fire specification

4.1 Managing fire items

Fire items can be specified and managed from the FIRE SPECIFICATION, SELECT FIRE menu
as shown in Figure 25. Fire items can be added, edited, copied or removed using this
screen. All fire items are located within the room of fire origin.

The room of fire origin (fire room) is selected from the drop-down list as shown in
Figure 25.

Fire items can also be imported from a local fire objects database by using the IMPORT
button. An item can be selected from the list of items in the database and imported to
the current project by clicking on the SEND TO ITEM LIST menu item shown in Figure 26.

Currently, only a limited number of the item properties are stored in the database, and
additional property information will need to be introduced by the user after adding the
item to the current project.

Where multiple items exist, the first item ignited can either be selected by highlighting
it and clicking on the FIRST IGNITE button (the word IGNITE will appear to the right of
the item name), or the first item can be randomly selected for each iteration by clicking
on the RANDOM IGNITE button.

The layout of items within the fire room can be viewed by clicking on the ROOM
POPULATE button with additional information and options described in section 4.2.

If the USE POWER LAW DESIGN FIRE option is checked, only one item will show in the item
list (and be used in the simulation) and item-to-item spread cannot be modelled.

The growth rate coefficient a, peak rate of heat release and storage height (if
applicable) can be specified as described in section 4.5 using the SETTINGS button.
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Figure 25. Managing fire items.
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Figure 26. Fire object database.
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4.2 Item property data

The screen describing the detailed properties of each fuel item is shown in Figure 27.
The LENGTH, WIDTH and HEIGHT properties refer to the rectilinear dimensions of the item.

ELEVATION refers to the height of the base of the item above floor level. B-RISK will
assume that burning and entrainment will occur at and above this elevation. For the
purposes of determining auto-ignition of the top surface of an item, the top surface is
assumed to be located at the level ELEVATION + HEIGHT.

X-COORD and Y-COORD locate the item in the room and are used in the item-to-item fire
spread model (see section 4.3.2) but also to determine which plume entrainment
correlation is used (i.e. wall, corner or centre — see section 6.9.3).

If any part of the item is located within one grid interval of a wall or corner, the wall or
corner location will be used for the plume entrainment, otherwise a centre location will
be assumed.

COMBUSTIBLE MASS of the item can either be entered directly by the user, or the MASS
CALC button can be used to calculate a mass based on the area under the rate of heat
release curve divided by the heat of combustion. The combustible mass is used when
auto-populating the room with items (see section 4.3.1) to calculate the total fire load
and fire load energy density in the room.

MAX NUMBER PERMITTED IN ROOM and PROB NEAR WALL are both used in the design fire
generator as described in section 4.3.1.

HEAT OF COMBUSTION, SOOT YIELD, CO2 YIELD and RADIANT LOSS FRACTION are used by the
zone model engine as described elsewhere. LATENT HEAT OF GASIFICATION is required if
the burning rate enhancement sub-model is used (see section 6.8).

A characteristic mass burning rate is determined either using the CONSTANT A and
CONSTANT B properties or by entering a value for HRR PER UNIT AREA. If a value is entered
for the latter, it will be used in preference to any values assigned to the CONSTANT A
and CONSTANT B properties. The characteristic mass burning rate is used by the burning
rate enhancement sub-model and in the Heskestad plume entrainment sub-model in
the calculation of the virtual source location. Further explanation of these inputs is
given in section 6.8 and section 6.9.1 respectively.

HEAT RELEASE RATE data for the item is entered as pairs of values corresponding to the
time (s) and heat release rate (kW) separated by a comma. The data can be plotted as
shown in Figure 28 using the PLOT button.

An option to include a wind effect or disturbance increasing the rate of entrainment in
the fire plume is also available and is further described in section 6.9.4. For most
applications, the UNDISTURBED PLUME option should be used. However, if B-RISK is used
for designing a smoke management system using spill plume vent types, the DISTURBED
PLUME option is recommended (see section 6.9.4).
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EditItem

Short Description

Detailed Description

Armchair 1

Arm-1

mock-up single seater armchair with exposed PU foam seat, sides and back

T i v
Geometry Units S Armchait
Length 0.8 m
Width 0.6 m @ Undisturbed Plume
Height 0.5 m () Disturbed Plume
Elevation 0.4 m
. Heat Release Rate
#-coord (left edge of item) 1.9 m Time (s), HRR (KW)
y-coord (bottom edge of item) 0 m 0349162
Combustible Mass  3.72 kg giggg;g
Max Number Permitted in Room 1 9.47.2032
12,51.0112
Prob Near'wall 0 15521171
18,50.9959
Chemistry 21,52.5048
2455.738
Heat of Combustion  29.2 ki/a 27 55.5966
30,55.5743
Soot Yield 0.07 a/g 3354.5598
36,53.5409
CO2Yield 1.92 a/a 39576118
42,62.1867
Latent Heat of Gasification  1.22 kl/g 45,64.6043
h . 48,66.6126
Radiant Loss Fraction 0.5 51,70.8329
Constantd 0 mdot"= A qdote" + B 54.755218
ConstantB 0 mdot''= A gdote" + B
HRR per unit area 500 Kiw//m2
Ignition of Yertical Surface by Source Items Ignition of Horizontal Surface by Upper Layer
FTP limit 812 Kwis™n /m”2 5759 Kwis™n /m”2
FTPindex,n 1.67 1.96
Critical Flux 8.5 ki /m2 282 ki /m2
Close ] [ Save
Figure 27. Item properties form.
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Figure 28. Plot of item rate of heat release versus time input.
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4.3 Design fire generator

4.3.1  Room population methods

Fire items can be either placed in the room location specified under the item properties
or they can be randomly located for each iteration by selecting either the MANUAL
POSITIONING OF ITEMS Or AUTO POPULATE ITEMS for the population method as shown in
Figure 29.

GRID SIZE determines the number of potential locations for items to be positioned. A
typical value might be in the order of 0.5-2% of the room length. If too small a value
is used, the time required to complete the population process can be excessively long.

The VENT CLEARANCE entry causes a rectangular area immediately in front of a vent,
defined by the width of the vent and the value entered, to be unavailable for locating
items.

The sHOw VECTORS checkbox displays a vector connecting the centre of the first item
ignited to the nearest vertical surface of each of the other items and displays the
distance. This is the distance used in the point source radiation calculation in the item-
to-item fire spread model.

The SHOW SPRINKLERS checkbox displays the plan location of sprinklers in the room.

The sHOW ITEM LABELS option allows the user to display either the item user label or a
numeric ID number assigned to the item.

After a simulation has been run, this screen can also be used to display the room
layout for each iteration by using the RECALL LAYOUT BY ITERATION up-down box. Ignition
times for secondary target items will also be displayed here.

o' Populate Room Items =8 =
Copy Layout to Clipboard
. |MDF3 MDF4
FLED (MJ/m2) |44 695
No.of tems |3 0721m v _o40m ]
Grid Size fm) 01
UR1
Vent Clearance (m)
rnjer
Show Vectors [V 0600 m
Show Grid [V
Show Sprinklers MDF2 UF2 MDF1
Show ltem Labels
0721 m 0.400 m 0840m
Show ID Number
Show User Label @
Population Method
Auto Populate ftems
Manual Positioning of tems @
‘ - I
1m Recall layout by iteration |1
: Populate Room ] [ Close

Figure 29. Populate room items.
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The following procedure is used for locating items within the room for each iteration
when the AUTO POPULATE ITEMS option is selected.

1.

10.

11.

The room is overlaid with a rectangular grid of spacing given by the value entered
for the GRID sizE. The grid points (intersections) denote possible locations for the
centre point of a rectangular-shaped item.
The locations of any openings in the walls of the room are noted and a vent
clearance zone identified, of depth given by the value entered for the VENT
CLEARANCE, in front of each the vent. Items are not permitted to be located within a
vent clearance zone.
The FLED (fire load energy density) variable is randomly sampled (where a
distribution has been assigned) and multiplied by the floor area of the room to
determine the total fire load in the room in MJ.
Items in the room are randomly sampled from the list of items (see Figure 25). The
first item randomly selected is taken as the item first ignited (unless the user has
selected another item as the first ignited) while subsequent items are the
secondary targets.
Each item selected has associated properties (including length, width and how
many of that item can be placed in the room). Items are sequentially added to the
room, keeping track of the sum of the fire load from all items, until the total fire
load for the room is reached and no further items are added. The fire load for each
individual item is given by multiplying the item mass by its heat of combustion.
An item can be oriented in one of two directions in the room — either the length
dimension or the width dimension is aligned parallel to the y-axis of the room grid.
A subset of possible grid points is determined, on which each item is able to be
centrally located. Grid points located within a distance of half of the width or length
of the item to the adjacent wall surface are excluded from the subset, since the
item will not fit if centred at those locations. Grid points within a distance of half of
the length dimension of the item to the vent clearance zones are also excluded.
While assembling the subset of grid points, an effective cumulative probability
density value, which is based on whether the major axis (taken as the length
dimension) of an item is located close to a wall or not, is calculated. This is used to
translate the probability distribution over the two-dimensional room floor area into
a one-dimensional integer problem.
An integer is randomly chosen between 0 and the maximum value calculated for
the effective cumulative probability density value by:
a. using a changeable seed for the inbuilt random number generator
b. scaling the range of the inbuilt random number generator to span 0 to the
maximum number calculated
c. truncating the decimals.
To select the item centre location and orientation, the randomly generated integer
is compared to the effective cumulative probability density values. The effective
cumulative probability density value that is just greater than the random value is
the one of interest.
The steps are repeated for the next item.

When locating items within the room using the MANUAL POSITIONING OF ITEMS option,
each item is positioning using the X-COORD and Y-COORD item properties.

4.3.2  Item-to-item fire spread

To activate the secondary ignition module, the user must select the IGNITE SECONDARY
ITEMS checkbox on the Console as shown in Figure 30 prior to starting the simulation.
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The item-to-item fire spread model was developed by Baker et al. (Baker, Fleury et al.,
2011; Baker, Spearpoint et al., 2011a).

B-RISK CONSOLE

| Export Monte Carlo Results ol Monte Carlo Graphics S Close Graph -iﬂ Close Consale

@ Start Simulation ) Stop Simulation

Settings '

Base File Name  default
Max No. of lterations 1
Maximum Simulation Time (sec) 600
MC Output Interval (sec) 30
EXCEL output interval (sec) 10

Display/Print interval (sec) 10

Ignite Secondary Items

Terminate Iterations at Flashover

Save Vent Flow Data in Log File

Figure 30. Ignite secondary items.

The first item sampled from the items database using the AUTO POPULATE ITEMS option
becomes the item first ignited, unless otherwise specified. Remaining items in the room
become secondary items or targets.

The secondary ignition module of the design fire generator (DFG) models items as
rectilinear prisms having the length, width and height dimensions specified in the EDIT
ITEM dialogue box, shown in Figure 27.

The ignition of secondary items is based on the radiation that is received by the
secondary item, which occurs in one of two ways.

Radiation from the flames of burning items is modelled using the point source model
(Modak, 1977) represented mathematically as:

. Q4
In=am? “)

Where q}l (kW/m?) is the heat flux received by the secondary target (where the

incident flux is assumed to be received normal to the surface), Q (kW) is the heat
output, 1, is the radiative fraction respectively from the burning object and ~(m) is the
radial distance (in plan view) from the centre of the burning object (point source) to
the nearest part of the secondary item. To calculate 7, each side of the target object is
divided into 10 equal intervals, the distance between the point source and the dividing
points on each side of the target is calculated and the nearest distance is determined.
Where multiple items are burning, q}l is the sum of heat flux on the secondary target

from all burning items.

In addition to flame radiation, the DFG concurrently calculates radiation from the
underside of the hot upper layer, which is treated as a planar, uniform, isothermal
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“surface”. The surface is also assumed to be both “diffuse”, i.e. the intensity of the
emitted radiation is uniform in all directions and “grey”, i.e. the emitted radiation is
independent of wavelength (Tien, Lee & Stretton, 2008). The heat flux from the hot
upper layer, q'l', (kW/m?), to the top surface of the object is therefore calculated as:

QU = fUUTU4F (5)

Where o (kW/K*m?) is the Stefan-Boltzmann constant, 7,(K) is the temperature of the
hot upper layer as calculated by B-RISK for every time step in the simulation and Fis
the configuration factor. The DFG assumes that the secondary object is located at the
centre of the compartment and computes Fas (Tien, Lee & Stretton, 2008):

21 A B B A

F = —|——tan™! + tan™! 6
V1 + A2 V1+A? VJ1+B? V1 + B2 (6)

Where 4 = %@ and B = %(t), and Xand ¥(m) are the length and width of the

compartment respectively and z(#) (m) is the height from the top of the secondary
object to the underside of the hot upper layer as a function of time. In many instances,
the secondary object will not be located at the centre of the compartment, giving a
different value for F, but the former approach gives the maximum value and is hence
conservative. In the calculation procedure in the DFG, when the upper layer reaches
the top of the secondary object, the value of Fbecomes unity. The remaining
parameter in equation (5) is the emissivity of the soot-gas mixture comprising the
upper layer, &;, which is calculated by the DFG as (Tien, Lee & Stretton, 2008):

gg=1—e" g ekt (7)

In equation (7), the term 1 — e~ accounts for the emissivity of the soot in the upper
layer, while the term e,e~** represents the emissivity of the upper layer gases. In the
B-RISK model, it is assumed that only water vapour and carbon dioxide contribute to

the gas emissivity, £,. The exponent k(1/m) is the extinction coefficient of the upper

layer, which, neglecting the scattering coefficient, equates to the absorption coefficient
of the upper layer (Tien, Lee & Stretton, 2008). In B-RISK, the extinction coefficient is
calculated as the mass concentration of soot in the upper layer (kg soot/m?3) multiplied
by the particle extinction cross-section (m?/kg soot).

The other exponent in equation (7) is the mean beam length, L (m). Tien et al.
indicate that the mean beam length can be used to calculate the radiation from an
arbitrary gas volume to its bounding surfaces and “represents the equivalent radius of
hemispherical gas body such that it radiates a flux to the centre of its base equal to the
average flux radiated to the boundary surface by the actual volume of gas” (Tien, Lee
& Stretton, 2008). In the B-RISK model, the upper layer is assumed to be optically
thick, so therefore the mean beam length, Z (m), is approximated as L = CL,, where C
is a correction factor that has the value 0.9 for many geometries and L, (m) is the

actual geometric mean beam length of the upper layer. The geometric mean beam

length is approximated as L, = ‘f—”, where V; (m?3) is the volume of the upper layer
U

and A, (m?) is the area bounded by the upper layer. Combining these parameters

together, the mean beam length is defined as:
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(8)

The DFG checks the two radiation mechanisms represented by equation (4) and
equation (5) concurrently. The first case is likely to dominate where secondary objects
are relatively close to burning items, and point source model radiation is assumed to
be received by the closest vertical surface of a secondary object. Target ignition
properties are defined for this case as previously shown in Figure 27 as IGNITION OF
VERTICAL SURFACE BY SOURCE ITEMS.

The second case is likely to dominate for more remote items, where radiation from the
underside of the hot upper layer is received by the top surface of the secondary object.
Target ignition properties are defined for this case as previously shown in Figure 27 as
IGNITION OF HORIZONTAL SURFACE BY THE UPPER LAYER.

The methodology that the DFG uses to determine when secondary items ignite is
based on the Flux-Time Product (FTP) procedure. Each item in the database has a FTP
dataset for both the vertical surface and the horizontal surface cases, consisting of a
FTPvalue ([KW/m2]"s), a critical incident flux ¢, (kW/m?) and an FTP index n(must be
in the range 1-2). These three parameters are determined experimentally in an
ignition apparatus such as the cone calorimeter (Baker, Spearpoint et al., 2011b). For
every time step in the modelling process of the DFG where the incident radiation g;
(kW/m2) exceeds q,,, the FTP accumulates until the threshold value is exceeded, at
which point, ignition is deemed to have occurred, as represented in equation (9):

FTP = (4; - 4)"At, (9)
i=1

In equation (9), ¢, is the incident radiation at the it time increment 4t; (s) and
consists of either q}l from equation (4) for the item-to-item ignition case or q'l', from

equation (5) for the hot layer ignition situation. The FTP parameters selected for input
may be determined under either piloted or auto-ignition scenarios, and one or other
may be considered more appropriate for a given scenario depending on which is the
most likely mode of ignition.

Each fuel object in the item database has its own heat release rate (HRR) — generally
free-burning — and once the first item ignites, the total heat release rate within the
compartment is that of the first object, until secondary objects are ignited either by
radiation directly from the initial burning object or by radiation from the hot upper
layer. As soon as other items in the compartment ignite, the HRR of the secondary
items are added to the combined HRR of the other burning items, i.e. the total HRR for
the compartment is the sum of the HRRs of the individual items — this approach is the
same as the FREEBURN procedure within the MAKEFIRE module of FPETOOL (Deal,
1995). As such, possible enhancement of the HRR of individual items (due to the
ignition source for the subsequently ignited objects varying from that applicable to the
experimental HRR data) is not modelled by the DFG. However, this enhancement can
be included using the sub-model described in section 6.8.

Subject to applicable fuel and ventilation conditions, the total compartment HRR
continues to grow in this fashion during the initial fuel-controlled phase, up to the
stage where the fire becomes ventilation controlled. Figure 31 shows an example of a
cumulative total compartment HRR generated in this fashion by the DFG, with
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ventilation-limited burning occurring and compared to the curve for the HRR of
individual items being added together, regardless of the impact of the ventilation on
the HRR.

6000

5000 { ‘_: —— Summation individual items
~4000

= l \\ =—DFG oxygen-constrained

s« 3000 burning
z 2000 / \\

1000 / \
0 ___,,.// \-_

0 200 400 600 800 1000 1200 1400
Time (s)

Figure 31. Composite heat release rate in compartment.

4.4 Fire load energy density (FLED)

The fire load energy density value in MJ per room floor area (m?) controls the
maximum fire load within the fire room. When the DFG is used to randomly populate
the fire room with items, this value will determine the total number of items added to
the room.

In the case of a power law fire, the FLED is used to determine the duration of burning
with the mass loss and heat release rate set to zero when all the fuel has been
consumed.

Distributions can be assigned to the value of fire load energy density.

4.5 Power law design fires

Two types of automatically generated power law design fires are provided as specified
for use by C/VM2 (MBIE, 2014) and can be selected as shown in Figure 32. They are:

Qf =a tBHst (11)

Where the total rate of heat release (in kW) is Q'f and «a is the fire growth rate
coefficient (in kWs2 or kWs3m1), t is time from ignition and H,, is the storage height
(in m).
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o ot DR

Select form of power law design fire

0= t> CI"Q'zat"'H

alpha kW/s2)  0.0469 distribution

Peak HRR (kW) 20000
Storage Height fm) |1 |

Figure 32. Power law design fire.
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5. Model simulations

5.1 Running simulations

Once input parameters have been set by the user, the simulation is started by clicking
on the START SIMULATION menu item from the B-RISK Console screen as shown in Figure
33.

Repeat iterations will be run sequentially according to the maximum number of
iterations specified. A commentary for each iteration will be posted to the log screen as
the simulation proceeds.

When the simulation is in progress, the user can terminate the simulation at any time
using the STOP SIMULATION menu item on the Console screen as shown in Figure 34.

B-RISK CONSOLE

4-EXpOTT Move-Carlo Results ] Monte Carlo Graphics &4 Close Graph i Close Console
f{)\ Start Simulation

Settings

" i lation Finished.
Base File N 1509705_ScenB_Cw2 fpimu
ase File Name _SCEND_LWEME 1)) sec. Item 9 Armchair 3 ignited (piloted ign).

Max No. of lterations 100 7 sec. Visibility at 2m sbove floor reduced to 10 m.
0 sec. Item 1 gas burner ignited.
Maximum Simulation Time (sec) 1500 Iteration 3 =
FED (thermal) Exceeded 0.3 at 70.0 Seconds.
MC Output Interval (sec) 1 FED (CO) Exceeded 0.3 at 200.0 Seconds.

FED (thermal) Exceeded 0.3 at 70.0 Seconds.

EXCEL output interval (sec) 1 FED({CO) Exceeded 0.3 at 1.0 Seconds.
219 sec. Item 2 MDF cube 1 igmited (piloted igm).

Display/Print interval (sec) 1 203 sec. Ventilation Limit 3987 kW.
200 sec. Item 8 MDF cube 4 igmited (piloted igm).
Fitted t2 alpha coefficent (kW/s2) = 0.05§

194 sec. Flashowver in Room 1.

186 sec. Item 10 MDF cube § ignited (piloted igm).
Terminate Iterations at Flashover [~] 180 sec. Item 4 TV ignited (piloted ign).

180 sec. Item 3 Armchair 1 ignited (piloted igm).
Save Vert Flow Data in Log File  [V] 149 sec. Item § Armchair Z ignited (piloted igm).
136 sec. Item 6 MDF cube 2 ignited (piloted ign).

Ignite Secondary Items [V]

Seed 1

basemodel ISO9705_ScenB_CW2_mc.xml loaded
Figure 33. Start simulation from console screen,

B-RISK CONSOLE

[l Export Monte Carlo Results  gil] Monte Carlo Graphics g Close Graph =} Close Console
@ Start Simulation| () Stop Simulation

Settings |
BRISK x|

Sprinkler Effect

Fire HRR is sSupr [terations completed.
23.0 Sec. Spr/De

16 sec. Visibili uced to 10 m.
Maximum Simulation Time (sec) 00 0 sec. Item 1 tZ

Iteration 1 oK

Base File Name Idefault

Max No. of lterations

MC Output Interval (sec)

EXCEL output interval (sec)

T

Display/Print interval (sec) u]

Figure 34. Stop simulation from console screen.
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5.2 Displaying summary input and results from a single
iteration

After running the simulation, a summary of input and output from the last iteration is
displayed using the VIEW, VIEW RESULTS menu item as shown in Figure 35. A summary
of the input only can be displayed using the VIEW, VIEW INPUT menu item. The user
selects the output variables to be displayed from the SELECT VARIABLES menu item.

Output will be listed at time intervals given by the DISPLAY/PRINT INTERVAL as shown in
Figure 38.

cification gy Tenability 4 Flame Spread  J% Misc Settings | 0 View | gill] Single Run Graphs s SmokeView () Help
View Input

, View Results ]
View Ceiling Vent Flow Data
View Wall Vent Flow Data

85 Summary of Inputs and Results
Select Variables  Print  Exit

-~
Wednesday December 12,2012,10:07 AM j
B-RISK Fire Simulator and Design Fire Tool (Ver 2012.49)

Input Filename : inputl.xml
Base File : C:\Users\branzcw\Documents\B-RISK\riskdata\basemodel IS09705_Scenk\basemodel IS05705_Sceni.xml
MoBIE - Experimental Validavion Programme

Scenario A Layout in IS0 9705 Room

NSNS NSNS A RSN
Description of Rooms
D LLL L L L L L L L L L L L L LD LD L DL LD DL LDl L Ll LDl L Ll LDl DLl Ll LDl Ll LD Ll

Room 1 : ISO 9705 Room

Room Length (m) = 3.60
Room Width (m) = 2.40
Maximum Room Height (m) = Z2.40
Minimum Room Height (m) = Z2.40
Floor Elevation (m) = 0.000
Absolute X Position (m) = 0.000
h Absolute Y Position (m) = 0.000 B

Room 1 has a flat ceiling.

Figure 35. Summary input and output for a single iteration.

Results from a previously run iteration can be loaded using the FILE, LOAD INPUT*.XML
file menu item.
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5.3 Displaying graphical output from a single iteration

Graphical output from the most recently run iteration or from a previously loaded
iteration can be viewed using the SINGLE RUN GRAPHS menu item as shown in Figure 36.

4 Flame Spread ~ J2 Misc Settings O View | gilll Single Run Graphs | i SmokeView

Layer Height
Layer Temperatures >
Heat Release Rate
Mass Loss Rate
Mass Loss Total
Plume Flow
Wall Convection Flow >
Vent Flow »
E8 Coozale Oxygen % » Species Concentrations »
co2% > FED »
| copm) > Upper Layer l
HCN (ppm) » Lower Layer
H20 % > Radiation »
Optical Density > Detector/Sprinkler Temp
Extinction Coefficient  » Surface Temperatures >
Unburned Fuel > Pressure
Ceiling Jet >
SPR
60000.0 —— Room 1
— 40000.0
E
=
Q
&)
3
=
= 20000.0 /f U
-
00
0 200 400
Time (sec)

Figure 36. Graphical output for a single run.
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54 Displaying time series output from multiple

iterations

Time series plots of selected output can be displayed where the output for all

simulations can be displayed on a single graph. Time series plots are accessed by using
the MONTE CARLO GRAPHICS, TIME-SERIES PLOT menu item on the Console screen as shown

for UPPER LAYER TEMPERATURE in Figure 37.

Available time series plots include UPPER LAYER TEMPERATURE, LOWER LAYER TEMPERATURE,

LAYER HEIGHT, FED GASES, FED THERMAL, VISIBILITY, HEAT RELEASE RATE and NO. OF

SPRINKLERS ACTIVATED.

B-RISK CONSOLE

@ Start Simulation Histograms

Settings | l

Base File Name  1S09705_ScenB_CwW2_mc
Max No. of lterations 100
Maodmum Simulation Time (sec) 1500
MC Outpet Interval (sec) 1
EXCEL output interval (sec) 1

DisplayPrint interval (sec) 1

Ignite Secondaty ltems |V
Terminate Iterations 2t Flashover

Save Vert Flow Data in Log File [V

Seed 1

basemodel_IS09705_ScenB_CW2_mcxml loaded

Wi EBxport Monte Carlo Results ’iMonte Carlo Graphics

Cumulative Density Plot
Time-Series Plot

Percentile Time-Series Plot

£3 Close Graph  #fj Close Console

»

4 | Upper Layer Temperature

4 Lower Layer Temperature
Layer Height

S FED thermal g

Iteration 3
FED (thermal) E

FED(CO)

Heat Release Rate
Exceed No. of Sprinklers Activated

FED (thernal) Eacewuwu oo av roro vecomass

FED(CO)

219 sec.
203 sec.
200 sec.

Exceeded 0.3 at 1.0 Seconds.
Item 2 MDF cube 1 ignited (piloted igm).
Ventilation Limit 3987 kW.
Item 8 MDF cube 4 ignited (piloted igm).

Fitted t2 alpha coefficent (kW/32) = 0.08§

194 sec.
186 sec.
180 sec.
180 sec.
149 sec.
136 sec.

Flashover in Room 1.

Item 10 MDF cube § ignited (piloted igm).
Item 4 TV ignited (piloted igm).

Item 3 Armchair 1 ignited (piloted ign).
Item 5 Armchair 2 ignited (piloted igm).
Item 6 MDF cube 2 ignited (piloted ign).

Simulation Fin FED gases -
11 sec.

7 sec. Visibil 10

0 sec. Item 1 Visibility

m

B-RISK CONSOLE

Settings

[l Export Monte Carlo Results ] Monte Carlo Graphics

Close Graph  #fj Close Console

Room 1 = Iteration # 0 =

Qutput Data - Time-series Plot: Room 1. 100 iterations

Upper Layer Temperature (C|

500 1000 1500

Time (sec)

basemodel_ISO9705_ScenB_CW2_mc.xml loaded

Figure 37. Example time series plot of upper layer temperature for multi-iteration

output.
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The room to display can be selected from the ROOM up-down box above the graph, and
individual iterations can be displayed using the ITERATION # up-down box. Iteration 0
displays all iterations.

A percentile time series plot can be generated using the MONTE CARLO GRAPHICS,
PERCENTILE TIME-SERIES PLOT menu item on the Console screen. This constructs an
output curve using the upper x-percentile value at each time step. An example is
shown in Figure 38 for the upper 50th percentile upper layer temperature.

"B-RISK CONSOLE

[ Export Monte Carlo Results gl Monte Carlo Graphics 5§ Close Graph  =#fj Close Console

Upper Percentile Value 50 = Room 1
Settings

Time-series Plot: Upper 50th Percentile

800.0

600.0

400.0

200.0

Upper Layer Temperature (C|

00

0 500 1000 1500

Time (sec)

Figure 38. Example of upper percentile time series plot.
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5.5 Displaying probabilistic input from multiple
iterations

Histograms for the sampled input for selected parameters can be displayed using the
MONTE CARLO GRAPHICS, HISTOGRAMS, INPUTS menu item on the Console screen as shown
in Figure 39. The number of histogram bins can be modified by using the # BINS up-
down box.

B-RISK CONSOLE

W Export Monte Carlo Results d Monte Carlo Graphics ‘ &3 Close Graph i Close Console

@ start Simulation Histograms » Inputs  » Interior Temp
Cumulative Density Plot » Outputs  » Exterior Temp
Time-Series Plot » | | Relative Humidity
Settings 1 Percentile Time-Series Plot ~ » Post-flashover N
Sprinklers »
Base File Name  S09705_Scen8_Cw2me  |Pinuiavion Finished. v — ' =
11 sec. Item 9 Armchair 3 igmit FLED (actual)
Max No. of Iterations 100 7 sec. Visibility at 2m above | SCU
0 sec. Item 1 gas burner ignite Smoke Detectors »
Maximum Simulation Time (sec) 1500 Iteration 3 E £
FED (thernal) Exceeded 0.3 at 7( ans »
MC Output Intesval (sec) 1 FED(CO) Exceeded 0.3 at 200.0 Seconds.
FED (thermal) Exceeded 0.3 at 70.0 Seconds.
EXCEL output interval (sec) 1 FED(CO) E: ded 0.3 at 1.0 ds.
219 sec. Item 2 MDF cube 1 ignited (piloted igm).
Display/Print interval (sec) 1 203 sec. Ventilation Limit 3987 k.

200 sec. Item 8 MDF cube 4 ignited (piloted igm).
Fitted t2 alpha coefficent (kW/s2) = 0.0S5S

194 sec. Flashover in Room 1.

186 sec. Item 10 MDF cube § ignited (piloted igm).
Terminate lterations at Flashover 180 sec. Item 4 TV ignited (piloted igm).

180 sec. Item 3 Armchair 1 ignited (piloted igm).
Save Vent Flow DatainLogFile [V 149 sec. Item S Armchair 2 ignited (piloted igm).
136 sec. Item 6 MDF cube 2 ignited (piloted igm).

Ignite Secondary ltems [V

Seed 1

basemodel_ISO9705_ScenB_CW2_mcxml loaded
B-RISK CONSOLE

I Export Monte Carlo Results gl Monte Carlo Graphics 2§ Close Graph  #fji Close Console

#bins 10
Settings |

Input Data - Frequency Plot: 100 iterations Uniform distribution

Frequency
o
1

290 2905 291 2915 292 2925 293 2935 2%4 2045 295

Interior Ambient Temperature (K)

basemodel_ISO9705_ScenB_CW2_mc.xml loaded
Figure 39. Example histogram for sampled values of interior ambient temperature.

Cumulative density functions for the sampled input for selected parameters can be
displayed using the MONTE CARLO GRAPHICS, CUMULATIVE DENSITY PLOT, INPUTS menu item
on the Console screen as shown in Figure 40.
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B-RISK CONSOLE
W Export Monte Carlo Results i Monte Carlo Graphics Close Graph  =#fj Close Console
@ Start Simulation Histograms »
- Cumulative Density Plot » H Inputs » H Interior Temp
Time-Series Plot > Outputs  » Exterior Temp
Seltings ‘ Percentile Time-Series Plot  » Relative Humidity
Postflashover >
Simulation Finished. Sprinklers » -
BaseFieName  1S09705_ScenBCW2_mc |11 " - Teem 9 Armchair 2 ignid -
Max No. of lterations 100 7 sec. Visibility at Zm above L L
) 0 sec. Item 1 gas burner ignitq FLED (actual)
Maximum Simulstion Time (sec) 1500 Iteration 3 =
FED (thermal) Exceeded 0.3 at 7 Smoke Detectors  »
MC Output Interval (sec) 1 FED(CO) Exceeded 0.3 at 200.0 § Fans N
FED (thermal) Exceeded 0.3 ar 24
B-RISK CONSOLE

W Export Monte Carlo Results gl Monte Carlo Graphics Close Graph  =#fjj Close Console

Room fi %
Settings
Input Data - CDF Plot: 100 iterations
90-percentile for sample = 2945
1.0 - — Room 1
_ theory
g o8
2
Z
g 06
5
o
H 04
i
3 0.2
00—
290 291 292 293 294
Interior Temperature (K)

basemodel_ISO9705_ScenB_CW2_mc.xml loaded

Figure 40. Example cumulative density function for sampled values of interior
ambient temperature.
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5.6 Displaying probabilistic output from multiple

iterations

Histograms for selected output parameters can be displayed using the MONTE CARLO
GRAPHICS, HISTOGRAMS, OUTPUTS menu item on the Console screen as shown in Figure
41. These histograms display output data at a specified time selected by the user from
the TIME up-down box. The number of histogram bins can be modified by the user
using the # BINS up-down box.

B-RISK CONSOLE

Wi Export Monte Carlo Results ﬂ Monte Carlo Graphics &/j Close Graph  #fj Close Console

Max No. of lterations 100

Maximum Simulation Time (sec) 1500

@ Start Simulation Histograms > Inputs >
Cumulative Density Plot > Outputs  » Upper Layer Temperature
Time-Series Plot 4 Lower Layer Temperature
Settings Percentile Time-Series Plot  » Layer Height
FED gases
Base File Nome  1S09705_ScenB_Cw2_me  [Sinulacion Finished. FED heat :
11 sec. Item 9 Armchair 3 ignig \/lslbillly

7 sec. Visibility at Zm above 1
0 sec. Item 1 gas burner ignitq
Iteration 3

FED (thermal) Exceeded 0.3 at 7¢

Rate of Heat Release
Sprinkler Activation Time

MC Output Interval sec) 1 FED(CO) Exceeded 0.3 at 200.0 § No. of Sprinklers Operated

FED (thermal) Exceeded 0.3 at 7C.. . -~

B-RISK CONSOLE

i Export Monte Carlo Results gl Monte Carlo Graphics 5§ Close Graph  #fjf Close Console

#bins 10 Room 1 Time (sec) 60
Settings
Output Data - Frequency Plot: 100 iterations
20
15
&
&
= 10
g
w
5
0
1375 1385 1395 1405 1415 1425 1435

Upper Layer Temperature (C)

basemodel_ISO9705_ScenB_CW2_mc.xml loaded

Figure 41. Example histogram for predicted output values of upper layer
temperature.

Cumulative density functions for selected output parameters can be displayed using
the MONTE CARLO GRAPHICS, CUMULATIVE DENSITY PLOT, OUTPUTS menu item on the Console
screen as shown in Figure 42. These cumulative density functions display output data
at a specified time selected by the user from the TIME up-down box.
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B-RISK CONSOLE
! Export Monte Carlo Results il Monte Carlo Graphics | £ Close Graph il Close Console
@ Start Simulation Histograms »
Cumulative Density Plot » ‘ Inputs N [
Time-Series Plot v Outputs  » Upper Layer Temperature
[ Settings | Percentile Time-Series Plot  » I Lower Layer Temperature
‘ Layer Height
Base FileName  1509705_Scen_Cw2_me  |Simwlation Finished. FEDigases 5
11 sec. Item 9 Armchair 3 igmit FED heat
Max No. of lterations 100 7 sec. Visibility at 2m above ca
. 0 sec. Item 1 gas burner ignitd Visibility
Maximum Simulation Time (sec) 1500 Iteration 3 Heat Rel R =
FED (thermal) Exceeded 0.3 at 7! eat Release Rate
MC Output Interval sec) 1 FED(CO) Exceeded 0.3 at 200.0 § Sprinkler Activation Time
FED (thermal) Exceeded 0.3 at 7 .
EXCEL output interval (sec) 1 FED{CO) Exceeded 0.3 at 1.0 Se No. Sprinklers Activated
B-RISK CONSOLE

i Export Monte Carlo Results ﬂ Monte Carlo Graphics Close Graph -ﬁ Close Console

Room |1 = Time (sec) 1500 =

Settings

Output Data - CDF Plot: 100 iterations
90-percentile for sample = 495.6

0.8

06 ——

Cumulative Density Function

391 411 431 451 471 491 51
Room 1 Upper Layer Temperature (C) at 1500 sec

basemodel ISO9705_ScenB_CW2_mc.xml loaded

Figure 42. Example cumulative density function for predicted output values of upper
layer temperature.
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5.7 Exporting data to an Excel spreadsheet

Output from multiple iterations can be exported to an Excel spreadsheet using the
EXPORT MONTE CARLO RESULTS, EXPORT OUTPUT TO EXCEL, EXPORT ALL from the B-RISK
Console. The user will be asked for the room number, start iteration and end iteration
for the data to be exported. Each iteration will be saved in a separate Excel worksheet.

Alternatively, selected output parameters can be exported as shown in Figure 43. For
the listed output parameter, data for each iteration will be put in a separate column on
the same worksheet.

 B-RISK CONSOLE

| i Export Monte Carlo Results d_Monte Carlo Graphics 4 Close Graph  «fj Close Console
Bxport OutputtoBxcel  » | Export All (from dump.dat file) '
Rate of Heat Release

Upper Layer Temperature

MC Output Interval (sec

EXCEL output interval ( sec|

Settigs | Lower Layer Temperature

Layer Height
E

Base Fle Name defaut i ma
FED thermal

Max No. of kerationt o

Visibility

Maximum Simulation Time (sec FLED (Actual)

Number Sprinklers Activated
Miscellaneous Outputs

I

Figure 43. Exporting multiple iteration data to excel
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6. Two-zone model

6.1 Introduction

The fire zone model is developed using principles of mass and energy conservation to
predict various phenomena associated with room fires. The zone model essentially
consists of two homogeneous zones — a hot upper layer and a relatively cool lower
layer. The fire plume is treated as the mechanism by which the combustion products
from the fire and entrained air are transported from the lower layer to the upper layer.
The model allows up to 10 interconnected rooms. A schematic of a fire zone model
showing the mass and heat flows for an enclosure is shown in Figure 44.

vent flow
wall heat absorption ﬁ'
e __T__
L I

volume ¥ ~» vent flow
temperature T;

plume flow
fire source r"u

Figure 44. Schematic of a zone model [Extracted from (ISO, 2006a)].

vent flow

|::> heat flow

— Mass flow

el

control volume

6.2 Mass and energy balance

Conservation of mass and energy leads to a set of first-order differential equations that
allow the upper layer volume, upper and lower layer temperatures and the pressure
equation to be solved.

The form of the equations is as given by Peacock et al. (1993) for the CFAST model.

The equation for the pressure in the room is:

dap y-1,. .
a - vy (hy + hy) (12)
The pressure is nominally that at the elevation of the floor and is relative to the
atmospheric pressure at a nominated reference elevation. The offset pressure is used
to avoid unnecessary loss of significant digits when solving vent flow equations, where
the pressure differences across the vent are very small.

The equation for the volume of the upper layer is:

vy 1 Dhy —v, 2P 13
W_W(Y_ Yhy — Ude (13)

The lower layer volume is the difference between the room volume (a constant) and
the upper layer volume. The height of the smoke layer interface above the floor for a
room of uniform area and flat ceiling is then given by:
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(14)

The ceiling can be specified as flat or sloping. In the latter case, the geometry of the
upper volume is taken into account by the model when solving for the position of the
layer interface height.

The equation for the temperature of the upper layer is:

dT 1 . . dpP
L [(hu - c,M,T,) +V, —] (15)
dt  c,p.V, dt

The equation for the temperature of the lower layer is:

ar, 1
dt B cpprl

. . dp
(hl - CleTl) + Vl E:I (16)

The convective enthalpy of the fire Qf includes that from the burner/source, the

burning wall lining and the ceiling lining. In the case of a room-corner fire, the fire is
represented by a single fire plume. The description of the mass flow in the plume is
given in section 6.9.

The equations for the rate of change of mass in the upper and lower layers are given
by:

dM,
dt

dM,

ar (18)

= 1, + 1y — iy,

The mass from the fuel includes the burner/source, wall and ceiling linings involved in
the fire. A vent shear mixing flow from the upper layer to the lower layer is
represented by m, (see section 6.10.2). In the model, m,, m; and m, are provided by
the vent flow algorithm (see section 6.10.1) as a single term representing the net flow
to/from the upper/lower layer due to all vent flows. There may also be an additional
mass flow term where mechanical ventilation (extract to/from a room from/to an
exterior space) is specified (see section 6.15). This is not shown in the above
equations.

6.3 Modelling rooms as a single zone

Users are provided with the option to model rooms as a single zone rather than two
zones provided the room is not the room of fire origin. This can be useful for shafts or
other rooms remote from the fire where mixing or smoke-logging effects may mean
that a two-zone representation is less likely or less pronounced. This is used in
situations where the stratification does not occur. Examples are elevators, shafts,
complex stairwells and compartments far from the fire (Peacock et al., 2005). The
single-zone option should be considered when the compartment height to width (or
length) ratio exceeds about 5.
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The single-zone behaviour is implemented by forcing the smoke layer to be 0.1 m
above floor level. The remainder of the differential equation set described in section

6.2 are solved as before.

The user can assign the single-zone option to a room using the MISC SETTINGS, MODEL

PHYSICS menu item as shown in Figure 45.

——— - o - E i

@y Tenability 4 Flame Spread | J# Misc Settings | O View gl Single Run Graphs

Printout Options

Describe Project
Solvers
Ambient Conditions
Compartment Effects
Postflashover Behaviour
Model Physics

Settings

General ||Mode| Physics | Combustion Parameters ‘ Environment ‘ Tenability |
Fire Growth | Solvers | PostFlashover | CO/Soot | Other |

Zone/Layer Assumptions Other Physics

[¥] Disable wall convection flow

@ Two Zone/Layers (default)

(©) Model Room as Single Zone

Ceiling Jet Model

® Alpert's Unconfined

© NIST JET model

Figure 45. Modelling room as a single zone.

6.4 Species generation
The conservation equation for species in the upper layer is:

dy;,

The conservation equation for species in the lower layer is:

dyi,l _

1. .
dt M, [y (Yis = Vi) + 7itp (90 = Vo)

1
at M, [i(Yie — Yiy) + 1ig(Yiy — ¥iy)]

(19)

(20)

M, and M, are obtained from applying the ideal gas law such that M; = MW;PV;/(RT)).
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Where subscript i represents the upper or lower layer and MW, is the average
molecular weight of the layer based on the gas composition of the layer and R is the
universal gas constant.

Species tracked in the model are soot, CO, CO,, HCN, water vapour, unburned fuel and
O,. The mass fractions of soot, HCN and CO initially present in the room are
considered to be negligible, while the initial mass fraction of O, is equal to 0.231
(ambient) and of CO; equal to 0.0005. Unburned fuel is only “produced” under a
ventilation-limited burning regime.

The mass fraction of water vapour, Yo, initially present in the room is determined
from the known relative humidity and ambient temperature as follows (Karlekar,
1983):

0.622dpy W,
Yh2o =
WS + 0 622 - q’RHWS

(21)

Where &gy is the relative humidity, W is the humidity ratio at saturation and 0.622 is
the ratio between the molecular weights of water vapour and air. The humidity ratio at
saturation (Karlekar, 1983) is given by:

_ 0.622P,,

WS B Pa - l)ws (22)

Where P, is the saturation pressure for water vapour corresponding to the ambient
temperature and is determined from steam tables (Rogers & Mayhew, 1992) and P, is
atmospheric pressure.

For a room-corner fire, the species generated by objects/burner, wall linings and
ceiling linings are separately accounted for and summed.

6.5 Combustion chemistry

The user specifies the composition of the fuel by number of atoms of C, H, O and N in
a fuel molecule using the FIRE SPECIFICATION, ADDITIONAL COMBUSTION PARAMETERS menu
item. A material can be selected from the FUEL TYPE drop-down list, and appropriate
values will populate the relevant fields. Alternatively, a USER DEFINED material can be
selected in the FUEL TYPE drop-down list and desired values entered into the relevant
fields as shown in Figure 46.

The molecular weight of the fuel is then calculated using the respective atomic weights
as required.

Production of hydrogen cyanide (HCN) can be included in the general combustion
equation by checking the CALCULATE HCN BASED ON COMBUSTION option shown in Figure
46. The soot constants shown in Figure 46 are discussed in section 6.6. The flame
emission coefficient is only used with the glass fracture model discussed in section 10.
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Figure 46. Additional combustion parameters.

Following the methodology outlined by Ierardi (n.d.), the general combustion equation
is given by:

+jC + kN,

a, b, c and d are known values, while f, h and j are derived from the specified species
yields for carbon dioxide, carbon monoxide and soot respectively, such that:

Yproduct wauel

n =P % 24
product nfuelMWproduct ( )

For a balanced equation, the following algebraic expressions apply:

a=f+h+i+j (25)

b=2g+i (26)
c+2e=2f+g+h (27)
d+7.52e=i+2k (28)
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Solving the equations simultaneously for the unknown variables gives:

i=a—f—h—j (29)

g=b-1i)/2 (30)
e=2f+g+h—-0c)/2 (31)
k=(d+7.52e—1i)/2 (32)

Therefore, the yields of HCN and H,O products are:

IMWyen
Y, =
HCN wauel (33)
gMWHZO
Yizo = o120
o = S (34)

For fires that are under-ventilated, the yields of CO, and H,O are reduced depending
on the calculated plume global equivalence ratio. The global equivalence ratio (Pitts,
1994) is calculated as follows:

AH iy
AHg; Yoz, M,

P (35)

Where AHy, is taken to be a constant (13.1 MJ/kg).

When the global (plume) equivalence ratio (¢, ) for the fire compartment is greater
than 1 (under-ventilated fire), the yields are given by:

Ycozwo

Yco2,oc = b (36)
Y wv
Ynzo,vc = % (37)

The subscripts wv and vc are for “well ventilated” and “ventilation controlled”
respectively. In addition, adjustments are made to the specified fuel heat of
combustion and the radiant loss fraction depending on the degree of under ventilation.
Using the correlations provided by Tewarson et al. (Tewarson, Jiang & Morikawa,
1993; Tewarson, 2002), the heat of combustion and radiant loss fraction are reduced
as the global equivalence ratio increases according to:

AHpype 0.97

A,y + exp(($/2.15)17) (38)
AH e 1.0
AH,pnpy  © exp((/1.38)29) (39)
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Since the radiant loss fraction is the converse of the convective fraction, rearranging
the above equations gives the following expression for radiant loss fraction under
ventilation-controlled conditions.

1.0
(=2 (1 - /. 5779)

)lr,vc =1- (40)

0.97
(1 " exp($/2. 15)—1-2)>

6.6 Soot and smoke production

There are two options available for specifying soot yields using the FIRE SPECIFICATION,
C0o/so0T yield file menu item as shown in Figure 47.

Z\ Fire Specification I 6 Tenability 4 Flame Spread ﬂ Misc Settings ) View ;ﬁ Single

Select Fire

Additional Combustion Parameters
| CO/Soot \
Fire Object Database

a:l Settings (SESE

General Model Physics Combustion Parameters Environment Tenability
Fire Growth Solvers Post Flashover CO / Soot Other

CO Production

(7) Manual input of pre/post flashover CO yields

CO pre-flashover yield (o/g) 0.04 distribution

CO postflashover yield (g/g) 0.4

@ auto (based on GER)

Soot Production

(©) Manual input of pre/post flashover Soot yields (@) auto (based on GER and object)

Soot preflashover yield (a/a) (.07 distribution

Soot postflashover yield (a/g)

0.14

e A

Figure 47. Soot yields.

Option 1: Auto (based on GER and object)

The well ventilated (pre-flashover) soot yield (in g/g) is specified for each burning
item, and the following correlation developed by Tewarson et al. (Tewarson, Jiang &
Morikawa, 1993; Tewarson, 2002) is used for the dependence of the soot yield on the
global equivalence ratio where ¢ . is the soot yield under ventilation-controlled
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conditions, ¢, is the soot yield under well ventilated conditions, ¢ is the global
equivalence ratio and a and T are constants dependent on the fuel.

‘ps,vc — + a
Pswv exp(2.5¢7%)

(41)

The soot yield alpha constant a and soot yield epsilon constant  are entered using the
FIRE SPECIFICATION, ADDITIONAL COMBUSTION PARAMETERS menu item shown in Figure 46.

Option 2: Manual input of pre/post-flashover soot yields

This option allows the user to manually specify a constant soot yield (g/g) for each of
the pre-flashover and post-flashover stages of the fire. The switch between pre-
flashover and post-flashover is based on either an upper layer temperature of 500°C or
an incident radiant flux on the floor, as selected by the user (see section 6.14.1).

When running in VM2 mode, this option is used with a pre-flashover yield of 0.07 g/g,
a post-flashover yield of 0.14 g/g and a flashover criterion of 500°C for the upper layer
temperature. In VM2 mode, post-flashover yields will also be used upon reaching the
ventilation limit.

6.7 Carbon monoxide production

There are two options available for specifying carbon monoxide yields using the FIRE
SPECIFICATION, CO/S00T yield file menu item as shown in Figure 47.

Option 1: Auto (based on GER and object)

This option does not require the user to specify the carbon monoxide yield. The carbon
monoxide yield (kg CO per kg fuel mass loss) is determined using the linear piecewise
algorithm shown in Figure 48 as a conservative fit to experimental data. Also shown is
a comparison with the experimental data from Gottuk et al. (Gottuk, 1992; Gottuk et
al., 1992) The relationship used depends on the global equivalence ratio, ¢ as given
in equation (35).

Option 2: Manual input of pre/post-flashover CO yields

This option allows the user to manually specify a constant carbon monoxide yield (g/g)
for each of the pre-flashover and post-flashover stages of the fire. The switch between
pre-flashover and post-flashover is based on either an upper layer temperature of
500°C or an incident radiant flux on the floor, as selected by the user (see section
6.14.1).

When running in VM2 mode, this option is used with a pre-flashover yield of 0.04 g/g,
a post-flashover yield of 0.40 g/g and a flashover criterion of 500°C for the upper layer
temperature.
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Figure 48. Carbon monoxide yields versus equivalence ratio [Adapted from (Gottuk
et al., 1992)].

6.8 Burning rate enhancement

The program allows the option of enhancing the burning rate of the fire based on the
level of incident radiant flux received at the floor due to heat transfer from the gas
layers and the room surfaces. This option can be turned on using the MISC SETTINGS,
COMPARTMENT EFFECTS file menu item as shown in Figure 49.

- —
P Flame Spread ﬂ Misc Settings | /) View ;ﬂ Single Run Graphs 24 SmokeView Help

Printout Options

Describe Project
Solvers

Ambient Conditions

Compartment Effects
Postflashover Behaviour
Model Physics —
y e el
y X T % |
ol Settings . 1
General Model Physics Combustion Parameters Environment Tenability

Fire Growth Solvers Post Flashover CO / Soot Other

Enhance Burning Rate due to Hot Layer Effects

© off @ On

Figure 49. Burning rate enhancement.
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The additional heat release from the fuel AQ, due to the externally applied radiant heat
from the gas layers and the room surfaces q,", is then estimated from equation (42),
where L, is heat of gasification of the fuel (averaged over all fuel items) and AQ is
added to the (free-burning) heat release rate for use in the energy balance
calculations.

This calculation is done for each burning item and the total summed to determine the
total unconstrained rate of heat release for the fire.

_AH Aq."
L

(42)
9

An estimate of the surface area (A4 in m?) is calculated in one of two ways.

Firstly, if the heat release rate per unit area (HRRPUA in kW/m?) parameter for the
item/object is non-zero, the following equation applies where Q; is the heat release
rate of the free-burning fuel item (kW):

__ % (43)
HRRPUA

Secondly, if the HRRPUA parameter for the item/object is zero, the following equation

applies where AH. is the heat of combustion of the fuel item:
O

AH "

A= (44)

A characteristic burning rate per unit area is represented by m", and this can optionally
be defined for an individual item as a linear function of the incident heat flux in the
form:

m" = Aq," + B (45)

Where A (in g/kJ) and B (in g/s/m?) are constants defined as item properties.

The enhanced burning rate option will not be used when the flame spread sub-model
is also selected and should only be used when rate of heat release data for individual
objects has been obtained from essentially free-burning well ventilated experiments.

This option is not recommended for use in combination with a power law design fire as
used for C/VM2 compliance (see section 4.5).

6.9 Plume entrainment

The strong plume model of Heskestad as described by ISO 16734 (ISO, 2006b) for the
buoyant plume is used for entrainment in the far field.

At lower entrainment heights where this plume model is not valid (i.e. near field
entrainment), the McCaffrey (1983) correlations are used instead.

59



BRANZ

Study Report SR364 B-RISK 2016 user guide and technical manual

6.9.1 Heskestad strong plume

The total mass of air entrained into the buoyant plume between the base of the fire
and the smoke layer interface depends on the heat release rate and the height as
given by Beyler (1988) in equation (46) derived from classical plume flow theory for a
turbulent buoyant point source plume and Heskestad’s point source correction
(Heskestad, 1983).

Heskestad’s correlation (ISO, 2006b) shown in equation (47) is used:

m, « Q;°(z — 2,)5/* (46)

m, = 0.071( Y3z —2,)%3[1 +0.026 Q2 (z — z,)~5/3] (47)

The position of the virtual source (Z,) from Heskestad (1983) is:

z, = —1.02D + 0.083Q;° (48)

For non-circular fire sources, the diameter (D) is calculated on the basis of equivalent
area. This assumes that the aspect ratio of the source is close to unity. Since generally
only the heat release rate, mass loss rate and effective heat of combustion of the fuel
are known, the size (area, diameter) of the fire is estimated based on a specified mass
loss rate per unit area for the fuel. The diameter of the fire is determined at each time
step either from:

a. The fuel mass loss rate (derived from the heat release rate and energy yield
inputs) and a characteristic value of the mass loss rate per unit area, which
may be input or changed by the user.

D 44 |4y 4Qs/Ah, (49)
T nm} nr'n}

b. The heat release rate and the heat release per unit area provided by the user.
This option is always used if a non-zero value for the heat release rate per

unit area has been entered.
p= 2% (50)

Heskestad’s strong plume equation is used when the layer height is above the flame
tip, (L), given by Heskestad’s correlation (Heskestad, 1984) as follows:

L =-1.02D +0.235 Q7° (51)

Heskestad’s strong plume equation is for fire sources that do not have substantial in-
depth combustion (for example, a pool fire rather than a fire in high-racked storage)
and when the flame height is no greater than one-half the fire-to-ceiling distance.
Outside these limits, the McCaffrey correlations in section 6.9.2 are used.
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In the case of the room-corner fire, the plume entrainment is simplified. The total heat
release from the burner/source and that part of the wall lining located below the layer
interface height are summed together into a single term, and the plume entrainment is
calculated on the basis of a single axi-symmetric plume (modified as described in
section 4.6.3) originating from the location of the burner.

6.9.2  McCaffrey’s correlations

The mass flux entrained into the plume for the continuous flaming, intermittent and
buoyant plume regions respectively is given by (McCaffrey, 1983):

0.566
mp Z VA

. =0.011( == for0 <|—=)<0.08 52
o= 0011 () (&) (52)

m 0.909
P/, =0.026(-2- for0.08 < (-%.)<0.20 53
Jo,=0026(m)  foroon< () (53)

m 1.895
P/ =0.124 L) for 0.203(#) 54
/Qf (Q,E/S o (54

McCaffrey’s correlations are empirical, fitted to experimental data and not based on
theory. They are, however, an extension of the common point source plume model
with a different set of coefficients for each region (Peacock et al., 1993).

The advantage of McCaffrey’s correlations is that they are only dependent on the fire
size and entrainment height and are not dependent on the fire source diameter.

However, they are also known to over-predict entrainment in high spaces. According to
Rockett (1995), they result in a severe over-prediction of plume flows far above the
fire (i.e. in tall spaces) but provide good predictions in the immediate over-fire region
more relevant for small rooms. Therefore, the Heskestad correlation is used for the
buoyant plume under the conditions described in section 6.9.1.

A comparison of the entrainment calculated using the McCaffrey and Heskestad
correlations for the buoyant plume region is shown in Figure 50 for a specific fire size
and diameter.
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Figure 50. Comparison of plume entrainment using the McCaffrey and Heskestad
correlations.

Following the advice of Peacock et al. (1993) there is a constraint on the quantity of
gas that can be entrained by a plume arising from a fire. The constraint arises from the
physical fact that a plume can rise only so high for a given size of a heat source. This
constraint is intended to avoid over-prediction of entrainment early in the fire when the
energy flux is small and the entrainment height large.

Q.

m, < ————<
P Cp(Tu - Tl)

(55)

6.9.3  Effect of fire location on plume entrainment

The model allows for burning objects to be located in the centre of the room, against a
wall or in the corner of the room. For these latter cases, the plume entrainment
correlations based on the simple Zukoski equation are used (Karlsson & Quintiere,
1999).

For a corner fire:
m, = 0.028 Q,;°z°? (56)

For a wall fire:

m, = 0.045 Q;/325/3 (57)

In the case of the room-corner fire involving burning wall linings, the plume
entrainment is simplified by adding together the total heat release from the
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burner/source and that part of the wall lining located below the layer interface height.
The plume entrainment is calculated on the basis of a single fire source originating at
the location of the burner.

6.9.4  Effect of fire plume disturbances on plume entrainment

Fire plume entrainment rates are based on undisturbed axisymmetric plumes.
However, it has been shown that fire plumes located near a room opening are affected
by the air flow induced through the opening. It is stated that these “wind” effects can
increase the rate of entrainment over free plumes by as much as two or three times
(Quintiere, Rinkinen & Jones, 1981). In practice, the size of the effect will be
influenced by variables such as the distance of the fire plume from the opening, the
elevation of the fire and the extent to which it may be baffled by other objects
(Quintiere, Rinkinen & Jones, 1981).

An option to consider the impact of a disturbed plume, where the entrained mass flow
is twice that for an undisturbed fire plume, is provided when specifying the
characteristics of a fire source item. This option can be selected separately for each fire
item if desired.

The disturbed plume option is recommended for design of smoke management
systems using the Harrison spill plume equations (Harrison, 2009; Harrison, Wade &
Spearpoint, 2014) described in section 6.11.

Edit Item

(]

Short Description 2 fire User Label

Detailed Description  generic

G try Units Type Generic v
Length 1 - Wind Effects
Width 1 m @ Undisturbed Plume
Height 0.6 m Disturbed Plume
Elevation 0 m
xcoord (eft edge) 1 m Heat Release Rate
Time (s). HRR (kW)
y-coord (bottom edge) 1 m

0.0
Mass 36731 kg 1521959
750.0
Max Number Permitted in Room 1

Prob Near Wall 0

Figure 51. Plume disturbance option.

6.10 Wall vent flows

6.10.1  Natural vent flow

The mass flow of air and hot gases through a wall vent is driven by buoyancy.
Bernoulli's equation can be used to calculate the flows. Derivation and discussion of
buoyancy-driven vent flow equations can be found in many places in the literature
(Rockett, 1976; Babrauskas & Williamson, 1978; Birk, 1991; Janssens, 1992a; Emmons
& Tanaka, 2008).

B-RISK uses natural vent flow routines developed by Cooper and Forney (1990a, b)
from a computer code application known as CCFM.VENTS. A complete description of
the physical basis can be found in the literature (Cooper & Forney, 19903, b; Forney &
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Cooper, 1990; Forney, Cooper & Moss, 1990), and only a brief description will be
included here.

The vent flow calculations are the result of room-to-room cross-vent hydrostatic
pressure differences. Only rectangular vents in walls are currently considered.

At each point in time, the vent flow calculation is carried out in three stages. Firstly,
the hydrostatic pressure profile over the height of a common wall including a vent is
determined. The pressure difference across the vent will drive the room-to-room vent
flow. The second stage determines the characteristics of each individual vent, which
may involve from one to six horizontal slabs of uniform property, uni-directional flow.
The third stage keeps track of the source and destination of each of these slab flows.

CCFM.VENTS includes rules for distributing the vent flow into an adjacent room (upper
or lower layer) depending on the relative temperatures of the layers and flow.
However, this was modified to use the simpler CFAST rule where flow slabs originating
from the upper layer are deposited into the upper layer in the adjacent room and flow
slabs originating from the lower layer are deposited in the lower layer in the adjacent
room. The temperature of the vent flow is required to be at least 3 K above the
temperature in the adjacent room before an upper layer will start to form.

6.10.2  Near-vent mixing

When cool air flows into the room through a wall vent, it is assumed to entrain some of
the upper layer gases from the upper layer into the lower layer. The near-vent mixing
correlation developed by Utiskul (2007) has been applied where the incoming cold air
behaves like a jet entering the vent with a characteristic velocity and diffusing
downward because of buoyancy (Quintiere & McCaffrey, 1980). While the cooler air
descends, the surrounding hot gas is entrained with a velocity that is proportional to
the incoming flow characteristic velocity. An equation for the ratio of mass entrained to
the total incoming mass flow was developed, and single-vent compartment fire
experiments were conducted to establish the correlation for the mixing at the quasi-
steady state. The correlation exhibited a linear relationship up to an apparent
asymptote for the mixing ratio of 1.28.

Utiskul’s correlation for the mass flow entrained (m,) in the incoming vent flow (i;) is:

{md=1.14<pm,- forp <1.1

1y = 1.28 1, for ¢ > 1.1 (58)

where,

= (7) () =)

=\7 w, J\N—s

and T, is the gas temperature of the inflowing gases, T is the gas temperature of the
upper layer gases, N is the elevation of the neutral plane above the floor, S is the

elevation of the sill above the floor, W, is the width of the opening and z is the layer
height above the floor.

This vent mixing mass flow, taken from upper layer and added to the lower layer,
applies both to vents to the exterior and vents to adjacent rooms.
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6.10.3 Vent flow entrainment into adjacent spaces

In the case of vents connecting two rooms, there is a mixing phenomenon that occurs
where the mass flow out through the vent causes additional air from the lower layer of
the adjacent room to be entrained and deposited in the upper layer of the adjacent
room. This entrainment flow is assumed to only occur when the layer height in the
source room is lower than the layer height in the destination room.

The flow is determined using equations given by Peacock et al. (1993) for the CFAST
model, and this entrainment is modelled as a “standard” vent type. Alternative vent
types can be assigned to model various forms of spill plumes as described in section
6.11.

A virtual point source is used to model the flow in the vent with the enthalpy in the
vent flow given by:

Qeq = ép(Tu,l - Tu,Z)ml—Z (59)

The mass flow in the vent from the upper layer of the source room to the upper layer
of the destination room is m,_,, and T,,; and T,, , are the upper layer temperatures in
the source and destination rooms respectively.

The height of the plume z, is given by:

212
Zpy=—25 TV (60)

Qeq

The difference in elevation between the layer interface position in each room is z; _,.
The virtual source point v, is defined by inverting McCaffrey’s plume equations.

1.76
90.9mi
vy=—=] ifo<wv,<0.08 (61)
Qeq
1.001
38.5n
vp=< i m) if 0.08 <v, < 0.2 (62)
Qeq
0.528
8.10mn
vy=—2)  ifoz2<w, (63)
Qeq

To determine the entrained flow z,, which is then used in McCaffrey’s plume equations

(section 6.9.2) in place of z/Q7/°.
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6.11  Spill plumes

6.11.1 General

Spill plumes occur when the flow of gases leaving a fire compartment opening rotate
around and vertically rise from the spill edge into the adjacent space. The ascending
spill plume entrains air as it rises.

The total flow in the spill plume depends on the size of the opening, the convective
enthalpy of the gases flowing through the opening, the presence of a balcony,
downstand or other construction element that either affect the flow through the
opening or the subsequent entrainment into the rising spill plume and the vertical
height between the spill edge and the smoke layer interface in the adjacent space. The
correlations given in this section are from the research of Harrison (2009) and Harrison
and Spearpoint (2007, 2010).

The user assigns a spill plume type to a vent as explained in section 3.6.2. The
available spill plume types are two-dimensional adhered, three-dimensional adhered,
two-dimensional balcony, three-dimensional balcony (unchannelled) and three-
dimensional balcony (channelled).

If a spill plume type is not assigned to a vent, the default standard entrainment for
vent flow into an adjacent space is used (see section 6.10.3).

When modelling spill plumes in B-RISK, the fire compartment is connected to the
adjacent room (e.g. atrium) with a vent representing the compartment opening. The
projecting balcony or soffit (if one exists) that extends from the compartment opening
to the spill edge is not part of the physical B-RISK model, nor are any channelling
screens that might be required beneath the balcony projection. However, both these
elements are assumed to be present in the B-RISK calculations depending on the spill
plume type that is selected for the vent (or compartment opening).

6.11.2  Adhered spill plumes

Adhered spill plumes are applicable where there is a wall or solid construction directly
above the spill edge, preventing entrainment from one side and leading to the plume
adhering to the wall. Adhered plumes are also known as single-sided plumes, since
entrainment occurring above the spill edge occurs only on one face (see Figure 52).

Adhered spill plumes can be described as two-dimensional or three-dimensional in
nature. Two-dimensional adhered spill plumes apply when construction elements
prevent entrainment into the side ends of the rising plume. This typically occurs where
the compartment opening is the full width of the adjacent space. Three-dimensional
adhered spill plumes apply when air can be entrained into the side ends of the rising
plumes as well as along one side.
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Figure 52. Adhered spill plume without soffit projection [Extracted from Harrison
(2009)].

A downstand directly below the spill edge at the compartment opening has little effect
on the entrainment above the spill edge, except that, if there is no downstand such
that the top of the opening is continuous with the compartment ceiling, a flow
coefficient (Cd) of 1.0 for the opening is recommended, otherwise a flow coefficient of
0.6—-0.7 is appropriate. The flow coefficient influences the mass flow of gases leaving
the compartment opening.

If a horizontal soffit projection exists between the compartment opening and the spill
edge as shown in Figure 53, the mass flow at the spill edge () is given by:

-0.92

1, = 0.89 (W) H% (64)

The soffit projection must be at the same elevation as the compartment ceiling, and
the flow between the compartment opening and the spill edge must be channelled with
side walls or screens.

In the absence of the projection, mg = m, where m. is the mass flow out the
compartment opening.
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Figure 53. Adhered spill plume with soffit projection.
The total flow in a two-dimensional adhered spill plume is given by:

1, p = 0.08Q;* Wz, + 1.34m, (65)

The total flow in a three-dimensional adhered spill plume is determined as:

ti,3p = 0.3Q.°WY°d,/?z, + 1.341, where W,/d, < 13 (66)
Where W, /d; > 13, the entrainment calculation is treated as a two-dimensional
adhered plume as given by equation (65). For large entrainment heights where z; >

Zeranss the plume flow becomes axi-symmetric in nature and the total mass flow in the
three-dimensional adhered spill plume is given by:

ti,3p = 0.071Q.° 2> (67)

The transition height z.,,s is calculated as:

3/2
Zurans = 34 (W + 1.56 a2/%) (68)
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6.11.3  Balcony spill plumes

Balcony spill plumes are applicable where a balcony projects beyond the compartment
opening and there is no wall or solid construction directly above the spill edge,
therefore allowing entrainment to occur from both sides of the rising plume. Balcony
plumes are also known as double-sided plumes, since entrainment occurring above the
spill edge does so on both faces (see Figure 54).

Balcony spill plumes can also be described as two-dimensional or three-dimensional in
nature. Two-dimensional balcony spill plumes apply when construction elements
prevent entrainment into the side ends of the rising plume. Three-dimensional balcony
spill plumes apply when air can be entrained into the side ends of the rising plumes as
well as along both sides above the spill edge.

Channelling screens (or side walls) below the level of the spill edge and extending from
the compartment opening can be used to reduce the lateral spread of the spill plume,
thereby reducing the amount of entrainment above the spill edge.

The total flow in a two-dimensional balcony spill plume is given by:

1, 2p = 0.16Q; W2z, + 1.34m, (69)
’?‘1 E
A %
Balcony spill plume
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opening
v L SO IO,
Spill edge o .
m_.d.
o 12
Downstand
(if present)
Section
‘End’ of plume
/
I I 1\ Rising
Balcony plume
W, Channeling screen
(if present)
Front view

Figure 54. Balcony spill plume with balcony projection.
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The total flow in a three-dimensional channelled balcony spill plume is given by:

ti,3p = 0.16Q > (W2 + 1.56d%") z, + 1. 34m, (70)

Where W is the width of the compartment opening, z, is the height of rise from the
spill edge to the underside of the smoke layer over which entrainment can occur and
d, is the smoke layer depth in the fire compartment.

Except for large entrainment heights where z; > z;,..,,5, the plume flow becomes axi-
symmetric in nature and the total mass flow in the three-dimensional channelled
balcony spill plume is given by equation (67).

If there is no balcony projection present between the compartment opening and the
spill edge, the mass flow at the spill edge () is taken as equal to the mass flow
leaving the fire compartment opening, i.e. m, = ..

Where a balcony projection is present, the mass flow at the spill edge (i) is given by
equation (64).

The total flow in a three-dimensional unchannelled balcony spill plume is given by:

ti,3p = 0.16Q (W, + b)?3 + 1.56d%%) z, + 1. 341, (71)

This equation is limited to cases where W, > 2b, where b = length of the horizontal
projection. It has not been verified for cases where a downstand exists prior to the spill
edge so should not be applied in that situation.

6.12  Natural vent flow through ceilings and floors

The vent flow algorithm VENTCF2A (Cooper, 1997) is used for modelling the gas flows
through a ceiling or floor vent. The vent may connect to the outside or it may connect
to another room. The flow is driven by cross-vent pressure differences and, when
appropriate, combined pressure and buoyancy-driven flows that occur when the
density configuration is unstable. This occurs when a dense cooler gas layer is above
the vent and a less dense hot gas layer is directly below the vent. For unstable density
configurations, VENTCF2A models flow through a circular, shallow (small ratio of
depth-to-diameter) horizontal vent. It is expected that it can be used for non-circular
vents provided the aspect ratio is not too different from unity (Cooper, 1997).

Vents can be opened and closed during the simulation at the time nominated by the
user. This opening/closing is not instantaneous but is assumed to occur over a 2-
second period by a linear increase in the area of the vent from fully closed to fully
open (and vice versa). Vents can also be automatically opened by the activation of a
thermal or smoke detector located within the room immediately below the vent.

These vent flow routines are applicable where the vent area is small compared to the
ceiling area. They should not be used to model large openings in floors to
accommodate atria etc. In such cases, it is better to model a void as a separate space
connected to adjacent rooms with wall vents.

Caution is needed when including vents that connect rooms one above the other, as
any additional entrainment into the smoke flow rising to the ceiling of the upper room
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is not modelled. Therefore, this type of vent is best used for discharge direct to the
outside.

6.13  Oxygen-limited burning

The model takes into account the available air supply and its effect on the heat release
rate. The approach taken is to determine the mass flow of oxygen in the plume and
compare it to the amount needed for complete combustion of the fuel. Any oxygen
present in the upper layer or supplied by the fuel is not used for combustion.

6.13.1 Mass flow of oxygen needed for complete combustion
The mass flow of oxygen in the plume (kg-O,/s) needed for complete combustion of
the fuel is given by:

- Qo (72)

moxygen needed = 13100

This equation is based on the observation that approximately 13,100 kJ of energy is
released for every kg of oxygen consumed during the combustion reaction (Huggett,
1980).

6.13.2 Mass flow of oxygen present in the plume
The actual mass flow of oxygen in the plume (kg-O./s) is given by:

moxygen actual = mpYOZ,LC (73)
Where C is a coefficient described by Peacock et al. (1993) representing the fraction of
fuel that can be burned with the available oxygen and varies between 0 and 1 to

provide a smooth cut-off of the burning over a narrow range above the oxygen limit.
An oxygen limit of 10% by volume is assumed.

C= tanh(BOO(YOZVL - YLimit) - 4') +1

74
5 (74)
Y = MXO 1 75
Limit — MWLL,avg . ( )
6.13.3  Oxygen concentration in the upper layer
The oxygen concentration in the upper layer is given by:
mMw
%Vol 0, =Ygy X —9 %100 (76)

MW,

The average molecular weight of the upper layer is determined from the mass fractions
of oxygen, carbon dioxide, carbon monoxide and water vapour, with the balance of the
layer assumed to be nitrogen as follows:

MW 40 = Yo, MWy + Yo MW gy + Yo MW g + Yoo MW a0
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6.13.4 Minimum oxygen concentration needed for combustion

The minimum oxygen concentration needed for combustion to occur is assumed to
vary between 2% and 10% depending on the gas temperature. The method for
determining the limiting value is the same as that used in FPETOOL (Nelson, 1990) and
is given by:

Ty

o— Ty
T =7 011~ 012] + 0y (78)

%Vol 0, critical = T
fo

Where Ty, is a designated flashover temperature (873 K), T, is the upper layer
temperature (K), T, is the ambient temperature (in K), 0y, is the minimum oxygen
concentration required for combustion near room temperature (10%) and 0O, , is the
minimum oxygen concentration required for combustion near flashover temperatures
(2%).

6.14  Post-flashover burning
6.14.1  Flashover criteria

n 6 Tenability 4 Flame Spread ﬂ Misc Settings | /- View ﬂ Single Run Graphs

Printout Options

Describe Project

Solvers

Ambient Conditions
:Graph  #fjf Close Console Compartment Effects
Postflashover Behaviour
Model Physics

Settings

General Model Physics Combustion Parameters Environment Tenability
Fire Growth Solvers Post Flashover CO / Soot Other

Flashover Criteria
(O Radiant Flux on floor = 20 kW/m2 (® Upper Layer Temp = 500 C

Use Wood Crib Post-Flashover Model?

@® No O Yes
Fuel (assumes wood crib behaviour)
Heat of Combustion (MJ/kg) distribution
Characteristic Stick Thickness (m) [] HoC varies with GER

Stick Spacing (m)
Crib height (m) Excess Fuel Factor

Calculate equivalent fire resistance ratings? []

Figure 55. Post-flashover options.
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Flashover can be defined by the user to occur either when the radiation heat flux on
the floor exceeds 20 kW/m? or when the upper layer temperature reaches 500°C.

This option is set by clicking the MISC SETTINGS, POSTFLASHOVER BEHAVIOUR menu item
and selecting the desired flashover criterion as shown in Figure 55.

6.14.2  Ventilation limit and post-flashover behaviour

The ventilation limit is defined here as the time that the HRR first diverges from the
specified input HRR due to insufficient oxygen for complete combustion as used in VM2
(MBIE, 2014).

If VM2 user mode has been selected, when the ventilation limit is reached, the
maximum theoretical HRR is adjusted to be the lesser of the user-specified HRR at that
time or 1.5 times the HRR at the ventilation limit (MBIE, 2014). Since B-RISK
determines mass loss rate from the theoretical HRR and heat of combustion, this has
the effect of keeping the pyrolysis rate after flashover to a reasonable value.

If VM2 user mode has been selected, when the flashover threshold is reached, the
HRR is increased to equal the specified peak value (provided it is greater than the HRR
at flashover) over a 15-second interval also in accordance with VM2 (MBIE, 2014).

6.14.3  Post-flashover wood crib sub-model

An optional post-flashover model based on burning wood cribs can be selected as
shown in Figure 55.

To use this sub-model, the fire object initially used must have sufficient intensity to
generate the flashover threshold in the enclosure. Initially, the pre-flashover model
used is based on the heat release and other characteristics of the selected fire item.
However, following the attainment of “flashover”, a switch to the post-flashover model
occurs. The model keeps track of the total amount of fuel consumed during the
simulation, and when all the fuel is consumed, the mass loss rate is set equal to zero.

The post-flashover model, based on Babrauskas’s COMPF2 model (Babrauskas &
Williamson, 1978), requires determination of a ventilation-controlled mass loss rate, a
fuel surface area-controlled mass loss rate and crib porosity-controlled mass loss rate,
with the lesser of the three rates governing the pyrolysis rate. The post-flashover
model assumes behaviour representative of wood cribs (see Figure 56).

Additional input parameters that are required to be specified are:

e an average heat of combustion representative of the total combustible fuel load in
the room

e a characteristic stick thickness (d).

o stick spacing (s).

e crib height (h.).
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Figure 56. Wood crib parameters.

The mass loss rate for ventilation-controlled burning is given by equation (79) where Q
is a user-defined factor representing an excess fuel fraction where Q = 1 corresponds
to all the fuel-generated burning within the room. It has been observed experimentally
that wood cribs do not burn more than 30—40% fuel rich, with Babrauskas (2008)
reporting an upper limit of approximately 37% fuel rich (Q = 1.37) for wood cribs.
Qf_constrained is the rate of heat release assuming stoichiometric conditions, and AH, is

the heat of combustion of the fuel.

Q constrained (79)

o
my AH,

The fuel surface area-controlled mass loss rate is:

. 4 m
My =gMeVe e (80)

Where v, is a surface regression rate for wood and taken as 0.0000022 D=°¢, m is the

mass of fuel remaining and m, is the original mass of fuel (determined using the
specified floor area and fuel load energy per unit floor area).

The crib porosity-controlled mass loss rate is:

. S m,
(4

Where h, is the crib height. The governing mass loss rate (lesser of the three) is
multiplied by the average heat of combustion to give the rate of heat release used in
the zone model conservation equations.

6.14.4  Post-flashover plume entrainment

When flashover is deemed to have occurred, a large simplification is necessary for the
calculation of plume entrainment, as the pre-flashover models are no longer strictly
valid. After flashover, the plume entrainment continues to be calculated using the
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McCaffrey “flaming” correlation as follows, where Q. is the maximum heat release
that can be supported by the available oxygen supply:

7 0.566
— /5> (82)
Qmax

m
_P =0.011<

max

During ventilation-limited burning, the total mass flow in the plume effectively
corresponds to that required for the oxygen flow in the plume to equal the oxygen flow
entering the vents.

6.14.5 Equivalent fire resistance rating

An optional calculation can be made to determine the time in a standard fire resistance
test that results in the same cumulative radiant energy exposure (based on the upper
layer temperature) at any specified time during the simulation. This approach has been
studied by several researchers (Harada et al., 2000; Nyman et al., 2008) as a means of
relating the performance of various construction types in a real fire to that in a
standard fire resistance test. The equivalence should be treated as indicative only and
based on thermal transmission effects. It may not be applicable for other failure
mechanisms (e.g. buckling, collapse, formation of fissures/gaps) in fire-rated
construction elements.

This equivalence is determined by calculating:
t 4

oTy
01 ® = | Foi00 (83)

At a specified time, fisoin the standard fire resistance test, the gas temperature and
cumulative radiant energy exposure are given by:

8t
TISO = 345 logm (6;(‘;‘0 + 1) + Too (K) (84)
taT%O
Qiso (&) = f ——dt (85)
150 , 1000

After time tin the fire simulation, the equivalent time in the standard fire resistance
test, &iso can be determined by equating equations (83) and (85), solving for Tiso and
then using equation (84) to solve for ¢so.

6.15 Mechanical ventilation

B-RISK allows for mechanical ventilation using fans for supplying or exhausting gases
from specified rooms.

Fans can be started manually at the start time entered or automatically on the
activation of a smoke detector as described in section 3.6.6. The user specifies the
volumetric flow rate in cubic metres per second through each fan and the height of
each fan above the floor. The user also specifies if the direction of flow is from the
room (extract) or to the room (pressurisation).
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The implementation is by adding (pressurisation) or removing (extraction) a specified
flow rate (m3/s converted to kg/s) from the layer in which the fan is located (as
determined by the specified elevation height of the fan) and including this flow in the
mass and energy balance equations described earlier. A fan straddling the layer
interface is not considered — the fan is assumed to be either totally within the upper or

lower layer.

Optionally, the use of a fan curve can be selected. If this is not done, the program will
extract/supply air to the space at the flow rate specified, irrespective of the cross-fan
pressure differences. If the fan curve option is selected, the actual flow rate equals the
specified flow rate when the cross-fan pressure difference is zero and monotonically
reduces to zero as the cross-fan pressure difference reaches the specified pressure
limit as described in equations (91) and (92), where V' is the actual flow rate through
the fan, V is the specified flow rate through the fan, AP, is the specified maximum
pressure across the fan and AP is the actual cross-fan pressure difference.

oY APL—AP,;f 1/6
V=V [ AP,
V’ _ —V I:AP,'-f —-AP;, 1
- APy

for AP, > AP,

/6
] for AP, < AP,;

(86)

(87)

Following activation of the fan, the flow rate is assumed to linearly increase from zero
to the design flow rate over a period of 30 seconds representing a fan start-up delay.

Figure 57 shows a generic fan curve for a user-specified extract rate of 100 m3/s and a
cross-fan pressure limit of 50 Pa.
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Figure 57. A generic fan curve
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The phenomenon of “plug-holing” is incorporated into the calculations. This occurs
when the layer is thin and both upper and lower layer gases are drawn through the fan
instead of from only the gas layer immediately surrounding the fan.

The maximum mass flow rate through the fan before plug-holing occurs is calculated

as (Cooper, 2002):
My = 1. 6pu(H - Z)S/Z ’1 - % (88)
l

In the event that the specified mass flow through the fan exceeds this critical value,
M, is taken from the upper layer with the balance taken from the lower layer.

6.16 Vent fires

In the event of ventilation-limited burning conditions, there will be insufficient oxygen
for complete combustion of the fuel, and therefore it is necessary to account for mass
flows of unburned fuel. When the mass flow passes through a vent (to the outside or
into another room), it may mix with oxygen and burn in the form of a vent fire,
releasing combustion energy into the adjacent space or to the outside.

The criteria used for external burning, i.e. vent fires, is taken from Beyler (2002),
where the equivalence ratio at which layer burning begins is:

k
Pin = AN, JaH, —1 (89)
Where:
AHOZ YOZ
=—— 90
CpTad — TO ( )

And AHg,= 13.4 MJ/kg, Yo, is the mass fraction of oxygen in the lower layer of the
destination room, T,q (=1700 K) is the adiabatic flame temperature of the
stoichiometric mixture and T, is the precombustion temperature resulting from
stoichiometric mixing of the air and fuel streams, where the upper layer of the fire
room contains the fuel stream and the lower layer of the destination room contains the
air stream. T, is given by equation (91) where r is the stoichiometric fuel to air ratio
and Y; is the mass fraction of unburned fuel in the upper layer.

Ty + (Y;/7)T,

o 1+ Yf/r (91)

6.17 Heat transfer

6.17.1 Radiation exchange model

The model incorporates a four-wall radiation exchange algorithm following the method
described by Forney (1994). This algorithm allows the ceiling, upper wall, lower wall
and floor to transfer radiation independently between each other. Radiant heating of
these surfaces by the flames is also considered by treating the fire as a point source.
The emission of radiation by soot particles and absorption by carbon dioxide and water
vapour for both layers is also considered. The upper wall comprises those parts of the
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wall above the height of the smoke layer interface, while the lower wall comprises
those parts below the interface.

The radiation exchange sub-model is required to determine the net radiant heat flux
emitted or absorbed by each room surface (i.e. upper and lower walls, ceiling and
floor). These radiant fluxes are combined with the convective heat flux and used as the
boundary condition for the heat conduction calculations described later. The gas layer
absorption due to carbon dioxide and water vapour and emission due to soot particles
are required for the energy source terms in the ordinary differential equations of the
zone model.

Assumptions

The following assumptions are made in developing the four-wall radiation exchange
model (Forney, 1994):

1. Both gas layers and each of the wall, ceiling and floor surfaces are assumed to be
at a uniform temperature. This is generally not true where the surfaces meet each
other.

2. The surfaces and gas layers are assumed to be in quasi-steady state, remaining
constant over the duration of the time step of the associated differential equations.

3. For the purposes of estimating the radiation heat transfer from the fire, the total
fire is assumed to radiate uniformly in all directions from a single point source. The
point source is located at one-half the flame height but not higher than one-half
the distance between the fire surface and the ceiling.

4. The radiation emitted by the room surfaces, gas layers and the fire is assumed to
be diffuse and grey (i.e. the radiant flux is assumed independent of direction and
wavelength).

5. The room surfaces are assumed to be opaque (i.e. incident radiation is either
reflected or absorbed not transmitted), and the gases are assumed to be non-
reflective.

6. The room is assumed to be a rectangular box with each surface either
perpendicular or parallel to every other surface. Radiation losses through room
openings are included.

Heat flux striking a surface

The heat flux striking a room surface may be due to radiation from the flames
assuming a point source fire, it may be due to the radiating upper or lower gas layers
or it may also be due to radiation from other room surfaces. If the gas layers are
transparent, the heat flux striking the k" surface due to the fire is given by Forney
(1994) as:

_ A’waf—k

= 2
Uk~ "ana, (92)

The fraction of the radiant energy leaving the f fire and intercepted by the k™ surface
is given by ws_/4mAy (a configuration factor), and ws_y is the solid angle between the
point source fire and the k™ surface. All other symbols are as given in the
Nomenclature section.

If the gas layers are not transparent, there are four cases depending on whether the
fire is located in the upper or lower layer. In this model, to simplify the situation, the
fire is assumed to be located in the lower layer.
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The heat flux striking the k™ room surface due to an emitting i gas layer is given as:
q,0% = af_,oT} (93)
Where of_, =1 —1j_y, ai_, is the absorptivity of the gas and t]_y is the transmissivity

of the gas. Table 3 is taken from Forney (1994) and summarises the radiative flux
striking the k™ room surface due to a point source fire and an emitting gas layer.

Table 3. Radiative heat flux striking the 4" room surface.

Path Fire Gas layer
" fi "L, "U,
qf_lll("e qj_kgas qj_kgas
Upper to upper u AQewei 0 Fi_joo)l Ty
Tk 4T[Ak
Lower to upper W MQewei F_joaj Ti* Fi_jool Tatj
Tk Tr-k 4mA
k
Upper tO |OW€I’ Tl -[u )\I‘waf—k Fk—jo_a]'L—leAlT]'L—k Fk_jO'(X]U_kTé
f-k “f-k 4T[Ak
LOWer tO |OW€I’ -[l )\I‘Qf(*)f—k Fk_jO'(X]L_kT14 0
Bk 4mA,
Solid angles

The fraction of the radiant heat flux from a point source that is intercepted by a wall
surface is found using solid angles as described by Forney (1994). For a surface with
sides of dimensions xand y and in a plane a distance r from the radiating point source,
the solid angle is:

w(x,y) = 1 sin![A—2Y—) + sin-1 (A x ) _r (94)
i s ) 2

2

Where A = [1+—-—

x2+ y?2

Solid angles for each of the various surfaces are additive, with the relevant geometry
shown in Figure 58.

The point source is located at one-half the flame height but not higher than one-half
the distance between the fire surface and the ceiling. Flame height uses Heskestad’s
equation taking the base of the fire corresponding to the first object, the total rate of
heat in the room (constrained) and a fire diameter estimated from Q;/Q".
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surface

point source fire

Figure 58. Geometry for determination of solid angles.

Configuration factors

There are a total of 16 configuration factors between the four surfaces to be
considered in the room. For the purposes of this section, the four room surfaces will be
labelled 1 to 4 as shown in Figure 59. The layer interface is considered to be a
“pseudo-surface" labelled “d".

surface 1 : ceiling

surface 2 : upperwalls ———»

surface d : layer interface

surface 3 : lowerwalls —— »

surface 4 : floor

Figure 59. Schematic showing the surfaces considered in the configuration factor
formulae.
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The configuration factors to be determined are as follows:

Fi—]' for i,j = 1, W4 (95)

All the configuration factors can be determined in terms of A-4, Ai-¢and FA-q.

There is no change to Fi-2during the simulation, and thus it needs only be calculated
once for the room. It may be determined from the configuration factor between two
parallel rectangular plates, at a distance L apart, as given by Incropera and DeWitt
(1990).

e 2 JarRParnt oo (X
S A TS R T ERVES 2

> —Xtan'X (96)

+YV1+X2tan™! —
1 + X2

—Ytan™? 7}

Where X =X/L and Y= Y/Land Xand Y are the length and width of the rectangles
respectively.

Calculations of F;_4 and F,_4 can be made in the same way using equation (96), but
since the position of the smoke layer interface changes during the fire simulation, they
need to be calculated at each time step.

From the reciprocity theorem, F,_, = F,_; since the floor and ceiling areas are
assumed to be equal, and the remaining 14 configuration factors can now be
determined using simple algebraic formulae by making use of the following
configuration factor properties:

AF = AcFi (97)
Fijor =Fi_j + Fi_y (98)
A Fiojk = AiFii + AF (99)
N
Z Fie =1j=1,.,N (100)
k=1

Where i®j denotes the union of two surfaces i and j.
The floor and ceiling are assumed to be flat rectangular surfaces so that:

Fi 4 =F44,=0 (101)

Since the sum of the configuration factors in an enclosure is 1 and symmetry results in
F2—1=F2—d, it follows that:
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Fi, =F_4=1

Fy1 +Fy 3 +Fp g =2F; 4 +F; ; =1

It therefore follows that:

Fi, =1-Fy 4
Ay
Fy 4 :A_ZF1_2

F 2 =1-2F; 4

Fy 3 =1-F4 4
F3_4 =——F4 3

Fz_3 =1-2F;3_,
Fi3=1—-F;_4
F3 1 =—F3
3
F3 5 =1—F3 1—F3 3—F3_,4
Fy 3 =—F;3,
2

Fy 4 =1—-Fy 1—F, ,-F; 3

F _A F
4-2 = = F2-a

Transmission factors

(102)

(103)

(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

The transmission factor is the fraction of energy that passes unimpeded through the

gas. It depends on the absorption coefficient of the soot and on the path length
travelled through the gas. The transmission factor is given by:

T; =1—dt =1—St

(116)

Where «, is the total absorptance and &, is the total emissivity of the gas-soot mixture.
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The emissivity of a gas-soot mixture is given by Tien, Lee and Stretton (2008) as:

g =(1-eb) + g et (117)

Where ¢, is the emissivity of the gas alone and k, is the absorption coefficient of the
soot. The absorption coefficient is approximated using the average extinction
coefficient for the layer (and neglecting the scattering coefficient), calculated from
equation (146) based on the concentration of the soot in the gas layer and the specific
extinction coefficient.

The mean path length, L, is determined from an expression for an arbitrarily shaped
gas volume given by Tien, Lee and Stretton (2008) as follows:

L=~CL, (118)
Where:
4V
Ly=— (119)

Where v and A are the volume and area of the boundary surface of the gas body
(upper or lower layer) respectively and C is a correction factor equal to 0.9 for arbitrary
volumes.

The emissivity of the gas is strongly dependent on absorption by water vapour and
carbon dioxide over certain wavelength bands. The emissivity of water vapour

€n20 and carbon dioxide €CO, can be determined from charts if the partial pressure and
temperature of each gas is known in addition to the mean beam length. Emissivity data
(Incropera & DeWitt, 1990) for these two gas constituents is incorporated into the
model, and the gas emissivity is given by:

£g = &m0 T+ 0. 58(:02 (120)

The partial pressures are determined from the known mass fractions using the ideal
gas law as follows:

m;RT _ Y;pRT

Pi=uwy ~ mw, (121)
Y.Rpo,T.,
12

Where p, is the partial pressure of species i, m; is the mass of species i, R is the

universal gas constant, MW; is the molecular weight of species i, T and V are the
temperature and volume of the gas/air layer and p_, and T, are the reference density
and temperature for air.

The mass fractions for the water vapour and carbon dioxide are solved for in the
ordinary differential equations (ODE) given in section 6.4.
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Solving the net radiation equations

Net radiation refers to the difference between the radiation that is incident on the
surface and that which is emitted by the surface. Incoming radiation consists of grey-
body surface radiation from the other surfaces, from the radiating fire source and from
the upper and lower gas layers. Outgoing radiation consists of grey-body surface
radiation and incoming radiation that has been reflected. Forney (1994) gives the net
radiation equation to be solved as:

N

N
P P Ck
Aqk - Z(l - sj)quFk—jTj—k = O'T}t - Z O-T;!Fk—jrj—k - A_k (123)
j=1 j=1

The matrix corresponding to this linear set of equations is diagonally dominant and
therefore may be solved more easily by iterative methods. Ultimately, the matrix
holding the net radiation leaving each surface, Aq, is required where k=1, .., 4. This is
related to Ag, by the following expression:

Aq, = DAG, (124)

Where matrix D is a scaling matrix holding the emittances of the k® room surface

elements as follows:
e 0 O
D= (o ~ 0 ) (125)

0 0 ey

The equation to be solved in matrix form is:

AAG, = AAq, = BE — ¢, (126)
Where:
N N fire
= gh= D (P )+ ) 0 (127)
Jj=1 j=1
Equations q">8*and q"“%* account for the radiative flux striking the k* surface due to

j—k j—k
the upper and lower gas layers respectively, and q"].f‘_ri accounts for the radiative flux

striking the kt surface due to a point source fire.
Matrix E is a column vector with the kt» component as follows:

E, = oT} (128)

The kt and jt» components of the N x N matrix B is:

byj = 0kj— Fi_jTj_i (129)

Where 8y jis the Kronecker delta function.

The components of the N x N matrix A are as follows:
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ﬁk,,- = ak’]‘s]' = 6k,]' - Fk_]'T]'_k(l - £]) (130)

Equation (126) is solved using a LU decomposition technique (Block, Shakir & Smith,
1993). The matrix A is first decomposed according to the LU algorithm. Then, back
substitution of the decomposed matrix results in the solution vector. Once the column
vector g, is found, q,, which holds the net radiant heat fluxes for the four room
surfaces, can then be found from equation (124). The model output provides a value
for “target radiation”. This corresponds to the net incident radiation on the surface of
the floor.

Energy absorbed by the gas layers

The energy absorbed by a gas layer may be due to radiation from the point source
fires, radiation from the surrounding room surfaces or from emission from the other
gas layer. The net radiant heat absorbed by the upper and lower layers for the
different paths are shown in Table 4 and Table 5 taken from Forney (1994).

Table 4. Radiant heat absorbed by the upper layer.

Path through the Due to heat Due to gas layer Due to point
gas emitting surface emission source fire

qjo—lkt q]'l'_g]? ° q" fire _ A Qe

: f-k —
— A]F]_k (GT]_4- = a}_kGTi4Aij_k 4‘T[A‘k
1-— Ej o

— ej Aq]
Upper to lower or q%% oyl —q g qeiread L Ax
upper
Lower to upper a2y qj'j]g(asajU_k - qjlifas qeireaf T Ak
Lower to lower 0 0 0

Table 5. Radiant heat absorbed by the lower layer.

Path through the Due to heat Due to gas layer Due to point
gas emitting surface emission source fire
a7k 95 ire _ A Qrwr_ic
= AFj (()'T] = o 0T AjFj 4mAy
1-— Ej ©
= ej Aq]
Lower to lower or q ety —quiaS qelireak | Ay
upper
Upper to lower a2 ol q 8%k ) — q 8 e oyt A
Upper to upper 0 0 0

Radiation losses through openings

Heat may be lost from the compartment due to radiation through the room openings.
It is assumed that the radiation is always lost to the outside, even if the opening is in
fact to another compartment.
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The radiation loss reduces the enthalpy of the upper or lower layer as shown below,
where Ay, and A, are the vent areas located in the upper and lower gas layers

respectively:

Qrad,u = _gg,ua(T;t - Té-o)Av,u (131)
Qrad,l = _gg,la'(T‘l‘ - TgO)Av,l (132)

6.17.2 Heat conduction model

An implicit one-dimensional, finite-difference scheme is used to calculate heat
conduction through the ceiling, upper walls, lower walls and floor. This allows the
temperature at any node to be calculated by solving a set of simultaneous equations
for the unknown nodal temperatures at each time step (Incropera & DeWitt, 1990).
The implicit method has the advantage of being unconditionally stable and therefore
allows a larger time step to be used in the calculations. The walls and ceiling may be
specified as a single layer or as a two-layer system by including a substrate material.
The floor is specified as a single layer.

The implicit form of the finite-difference scheme for a surface node is given by
Incropera and DeWitt (1990) as:

2Fo Biq"

+1 +1
(1 +2Fo)T)"" — 2FoT,"" = o

+T17 (133)

Where the Fourier and Biot numbers are given by:

alt

Fo = W (134)
_k 135

= (135)

h
Bi=—Ax (136)

k

The implicit form for an interior node is given as:

—FoTP! + (1 +2Fo)T% " — Fo T2} = T, (137)

Writing an equation for each node gives n equations that must be solved
simultaneously for each time step. This can be done using the matrix inversion method
by expressing the equations in the form [A][T]=[C], where:

1+2Fo —2Fo 0 0 0
[ 1
—Fo 14+ 2Fo —Fo 0 0
0 —Fo 1+2Fo -—Fo 0 (138)
l 0 0 —2Fo 1+2FoJ
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2Fo met "‘t + 1%
Tp

I I

=| I (139)
IZFO Blext(Text II) + T?z‘

The total heat flux incident on the interior surface is represented by g;,, . It includes

both radiation (from the four-wall radiation exchange model) and convection.

A table of nodal temperatures is compiled, starting with the prescribed initial
conditions. The temperatures at the next time step, [T], are found by multiplying the
inverse matrix [A]* by the column vector [C] (Incropera & DeWitt, 1990) using the
method of LU decomposition (Block, Shakir & Smith, 1993).

An alternative method for solving the matrices using Gauss-Jordan elimination (Eagle,
1997) is also available to the user.

6.17.3 Convective heat transfer coefficients

The interior heat transfer coefficient used in the heat transfer calculations between the
gas layers and the room surfaces is calculated following the method described by
Peacock et al. (1993) for the CFAST model.

The heat transfer coefficient (assuming natural convection) is given by:

k
h, = TC,,(Gr Pr)1/3 (140)

The characteristic dimension, /, is taken as vAw where Awis the area of the surface in
contact with the layer (upper or lower as applicable).

The Grashof number, Gr, is given as:

gl3|Tg - TSI

Gr = AT (141)
The thermal conductivity, k, of the gases is given by:

k=2.72x10"* (u)% (142)
The kinematic viscosity, v of the gases is given by:

v =17.18x10"10 <#)7/4 (143)

The temperatures of the gas layer and the wall or ceiling surface are T, and T

respectively, Pr is the Prandtl number (=0.72) and C, is a coefficient that depends on
orientation as given in Table 6.
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Table 6. Surface coefficients.

Orientation Coefficient C, Condition
Vertical 0.13 all
Horizontal 0.21 Ty > T
Horizontal 0.012 Ty <Ts

The convective heat flux term is given by:
G = he(Tg — Ts)As (144)

6.18 Numerical solution

There are 17 ordinary first-order differential equations that are solved using a stiff
differential equation solver. The numerical solution was from that provided in a
mathematics library, BNALib (Eagle, 1997). The 17 equations relate to pressure, upper
layer volume, upper and lower layer temperature, oxygen, soot, unburned fuel, water
vapour, carbon monoxide and carbon dioxide concentrations and finally the
sprinkler/detector link temperature.

The recommended initial time step setting is 1 second.

Convergence error control parameters can be specified for the ODE solver and for the
vent flow calculations with default values as shown in Figure 60.

The method of solving the heat conduction equations for the room surfaces and the
number of nodes used is also shown in Figure 60 with default settings.

Settings

General Model Physics Combustion Parameters Environment | Tenability
Fire Growth Solvers Post Flashover CO / Soot Other

Solver Settings

Suggested Timestep (sec)

Error Control (ODE solver) 0.1

Error Control (vent flows) 0.001

Wall, Ceiling, Floor Heat Transfer

@ LU Decomposition Gauss-Jordan Elimination
Number of Nodes per Layer (not < 10)
15 15 10
Ceiling Walls Floor

Figure 60. Solver and numerical settings.
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7. Life hazard calculations
7.1 Tenability settings

Tenability settings are accessed using the TENABILITY, TENABILITY PARAMETERS file menu
as shown in Figure 61.

There is a choice of asphyxiant gas models, and these are described in detail in section
7.3. The activity level influences the occupant respiration rate of combustion products
and is used in the FED (CO/CO,/HCN) asphyxiant gas model.

A monitoring height above the floor can be specified, and species concentrations from
either the upper or lower layer will be used in the calculations depending on the
position of the layer height relative to the monitoring height. The FED is calculated for
the specified egress path.

Tenability end-point criteria can be entered as shown in Figure 61. These do not
change the calculations in any way but allow summary results to be reported in
relation to the time at which these criteria are reached or exceeded.

ﬁ B-RISK DESIGN FIRE TOOL (2012.0.48.19776)

i File [@] Console L Room Design -tu\/entilation T Sensors O Fire Specification v',TenabiIity ? Flarne Spread
DEES = l Tenability parameters l
FED egress path
r N
Settings

General Model Physics Combustion Parameters Environment Tenahilty
Fire Growth Solvers Post Flashover CO /Soot Cther

Asphyxiant Gas Model
FED(COICO2HCN) @ FED(CO) - CAvM2

Activity Level Tenability and Other Criteria

At Rest FED gases (incap) 0.3

® LiohtWork FED thermal (incap) 0.3

Heavy Work Visibility (m)  10.0

Signage Upper Layer Temperature (C) 873.0
lluminated

@ Reflective or other

Monitoring Height Above Floor (m)  2.000

Figure 61. Tenability settings for hazard to life assessment.
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Signage can be specified as ILLUMINATED or REFLECTIVE OR OTHER. This influences the
visibility calculations as described in section 7.2, with illuminated signage allowing
increased visibility through smoke.

7.2 Visibility
The mass fraction of soot in the upper layer is given by solving equations (19) and (20)
for species generation at each time step. This requires a value for the soot yield (kg

soot per kg of fuel pyrolysed) to be provided by the user. The mass concentration of
soot in the upper layer (in kg of soot per m3 of upper layer gas) is then given by:

Csoot = Ys00tPu (145)

The average extinction coefficient, kag (M), is given by:
kavg = Csoothm (146)
Where kmis the specific extinction coefficient (m?/kg soot) taken equal to 8790 for

flaming combustion (Mulholland & Choi, 1998).

The maximum distance an observer can recognise an object, usually an exit sign, when
viewing the object through smoke is defined as the visibility, v, by Beyler (1988).

A study by Jin (1978) found that the product V.kaygis a constant for a given object and
lighting condition. The data correlated to a value of 3 for light-reflecting signs and 8 for
light-emitting or illuminated signs (Mulholland, 2002). The visibility (m) is therefore
given by:

V =

(reflective signs) (147)
kavg

V= (illuminated signs) (148)

avg

B-RISK calculates the optical density (OD) of each layer, OD (1/m), as a conversion of
the extinction coefficient from natural log to base 10 units.

kavg

op =24
23

(149)

7.3 Fractional effective dose — asphyxiant gases

Toxicity of asphyxiant products is evaluated using the fractional effective dose (FED)
method described by Purser (1988) and ISO 13571 (ISO, 2012). The model evaluates
the sum of the FEDs at a specified height (in the upper or lower layer as applicable) for
incapacitation due to carbon monoxide, hypoxia (lack of oxygen) accounting for the
accelerated breathing rate caused by exposure to carbon dioxide. Optionally, the dose
of HCN may also be included. The FED is the ratio between the cumulative dose
received after some time to the effective dose needed to cause incapacitation for a
person of average susceptibility.
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Option 1 — FED(CO/CO,/HCN)

This option includes the dose effects of CO, HCN, CO; and the hypoxic effect of
reduced 0.

The model considers the time-dependent exposure of carbon monoxide in the upper
layer by calculating a fraction of an incapacitating dose for CO (see Purser (2008)).
RMV is the volume (in litres) of air breathed per minute and varies with the activity
level.

_c RMVo
FED g = 3317x107°

t
J VCO,X[CO]-036 dt (150)
0

Where [CO] = carbon monoxide concentration in parts per million (ppm), t = exposure
time interval (min), RMVo = volume of air breathed each minute (L) based on activity
level, COHb = exposure dose for incapacitation (% COHb) and VCO, = multiplication
factor for enhanced update of asphyxiant gases, as given below:

VCO, = exp (%COZ)

s (151)

The user may select an activity level appropriate to their analysis. The model uses
values of RMVo and incapacitation doses of COHb applicable to a 70 kg human, as
shown in Table 7 (Purser, 2002).

Table 7. RMVo and COHb incapacitation dose for different activity levels.

Activity RMVo (I/min) COHb incapacitation dose (%)
At rest 8.5 40
Light work 25 30
Heavy work 50 20

Similarly, the FED for oxygen hypoxia is determined by evaluating the following
integral from Purser (2002) if the oxygen concentration falls below 13%:

t
1
FED,, = f dt
2 Jy exp(8.13 — 0.54(20.9% — %0,))

(152)

Similarly, the FED for incapacitation by HCN is determined by evaluating the following
integral from Purser (2002) and including CO; hyperventilation effects:

For HCN > 80 ppm,

t vco,

FED new = fo exp(5.396 — 0.023[HCN]) & (153)

The model allows the user to select a height within the room at which to evaluate the
incapacitation FED. The default is 2 m above the floor, a representative “nose” height
for an adult person. The total FED is therefore given by:
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FED = FEDCO + FEDOZ + FEDHCN (154)

The model uses a simple trapezoidal rule to evaluate the integrals using the upper
layer species concentrations for the time when the layer interface is below the
monitoring height selected by the user and using the lower layer species
concentrations for the time when the layer interface is above the monitoring height.
The program only evaluates the integrals when the species concentrations are above
initial ambient levels (or above 80 ppm in the case of HCN) and below ambient in the
case of oxygen.

Option 2 — FED(CO) C/VM2

This option includes the dose effect of CO, the hypoxic effect of reduced O, and the
hyperventilation effect of CO, following the equations used in ISO 13571 (ISO, 2012)
and following the requirements of C/VM2 (MBIE, 2014).

The FED(CO) is the fraction of the dose of CO that would render a person of average
susceptibility incapable of escape.

Where the CO; concentration exceeds 2% by volume, the CO concentration is
increased by a factor to allow for the increased rate of CO uptake due to
hyperventilation.

This factor is taken as:

(155)

%C0,
fzexP( 5 )

According to ISO 13571 (ISO, 2012), this equation is derived from an empirical fit to
human hyperventilation, corrected for uptake inefficiencies in the lung, and is accurate
to within +20%.

Following ISO 13571, the fractional effective dose is therefore calculated (for %0,
>13% by volume and allowing for CO; hyperventilation) by summation over the
relevant time increments using:

=~ [[co]A
FED,co = Z [ﬁf] (156)

Where:
[CO] = average CO conc. in parts per million (or uL/L) over the time increment At

%CO, = average % conc. of CO; (by volume) over the time increment At

At = time increment between successive readings of concentration in minutes
to = time at which exposure begins in minutes
t = time at which exposure ends in minutes.

Where the percentage of oxygen is less than 13% by volume, the hypoxic effects of
oxygen depletion are also calculated and included in the FED(CO).
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t

At
FED; 0 = z
tn,02 exp(8.13 — 0.54(20.9% — %0, ))

to
Where:

%Q0; is the average % concentration of O, (by volume) over the time increment At

The model uses a simple trapezoidal rule to evaluate the integrals using the upper
layer species concentrations for the time when the layer interface is below the
monitoring height selected by the user and using the lower layer species
concentrations for the time when the layer interface is above the monitoring height.
The program only evaluates the integrals when the species concentrations are above
initial ambient levels (or above 80 ppm in the case of HCN) and below ambient in the
case of oxygen.

7.4 Fractional effective dose — thermal effects

The FED(thermal) is the fraction of the dose of convected and radiated heat that would
render a person of average susceptibility incapable of escape. The calculations use
equations from ISO 13571 (ISO, 2012) and follow the requirements of C/VM2 (MBIE,
2014).

Calculation of the time to incapacitation under conditions of exposure to convective
heat from air containing less than 10% by volume of water vapour can be made
assuming the exposed occupant is lightly clothed using:

ticonv = (5x107)T~3* (158)

Where:
T = gas temperature expressed in °C

ticonwy = time to incapacitation under conditions of exposure to convective heat,
expressed in minutes.

A threshold temperature below which the convective component of the FED thermal
does not accumulate has been added. The temperature used is 25°C.

As with toxic gases, an exposed occupant can be considered to accumulate a dose of
convected heat over a period of time. The FED of convected heat accumulated per
minute is the reciprocal of ticonv.

The tenability limit for exposure of skin to radiant heat is approximately 2.5 kW/m?2.
Lesser levels of exposure can be tolerated for 30 minutes or more without significantly
affecting time available for escape. Calculation of the time to incapacitation under
conditions of exposure to radiant heat causing second-degree burning of the skin is
given by:

tiraa = (6-9)61_1'56 (159)
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Where:
tirqa = time to 2" degree burns, expressed in minutes
q = radiant heat flux in KW/m2.

The radiation incident on the target is assumed to be due to a flat plate source at the
layer interface height and at a temperature equal to the upper layer temperature Ty,
with emissivity equal to the upper layer emissivity ¢,. The configuration factor F
between the layer interface and the target is calculated for a flat surface and a parallel
differential element (Tien, Lee & Stretton, 2008).

The incident radiation is given by equation (160):
Grad = F £,0Ty (160)
As with toxic gases, an exposed occupant may be considered to accumulate a dose of

radiant heat over a period of time. The FED of radiant heat accumulated per minute is
the reciprocal of f7aa.

Following ISO 13571, the FED(thermal) is calculated by summation over the relevant
time increments using:

t2 1 1
FED = Z ( + )At (161)
=t tirad ticonv
Where:
t1 = time at which exposure begins in minutes
t = time at which exposure ends in minutes.

7.5 Egress path segments

The FED calculations described in sections 7.3 and 7.4 are based on a fixed position (at
the monitoring height) in a specified room.

However, ideally the calculation should be attached to an individual as they move from
room to room during the evacuation. Therefore, the user has the option to specify up

to three egress path segments that define both a room and a time interval over which
the FED calculations will be made.

An example is shown in Figure 62.
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T Sensors  J) Fire Specification |y Tenability | 4 Flame Spread
NEHAdS @ Tenability parameters
FED egress path

Start Time [sec) End Time (sec) Room

0 100 1 v
100 300 2 v
300 60 | |3 -

[ Update FED's ] [ Close

Figure 62. Specifying FED egress path.
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8. Sprinklers and thermal detectors

8.1 General

Sprinkler or thermal detector actuation is predicted based on a burning item located
within the room of fire origin. Multiple sprinklers can be positioned within the room of
fire origin, the response of each sprinkler is determined based on its position relative to
the first burning item.

If multiple items are burning in the room, only the characteristics (e.g. rate of heat
release) of the first burning item and the ceiling jet it produces are used in the
sprinkler or detector response calculation. The contribution from any additional burning
item is ignored except to the extent that it contributes to the heating of the hot upper
layer within which the sprinkler may be immersed.

Sprinklers or heat detectors may be added, removed, copied or edited using the
SENSORS, SPRINKLERS/HEAT DETECTORS menu item as shown in Figure 63. Multiple sensors
may be included in a simulation.

£%8 B-RISK DESIGN FIRE TOOL (20120.32.22563) A

! ﬂ File E] Console {n}} Room Design -iVentilation W Z) Select Fire @Tenability

E§ NEEHS = | Sprinklers / Heat Detectors |
Smoke Detectors

o st Do I el
ID Room  x(m) y (m) =
| | Add Standard Resp Sprinkier |

| Add Quick Resp Sprinkler |
| Add Ext Coverage Spinkler |
| AddHeatDetector |

Edt [ Copy |

[ Remove ] [RemoveAll]

Calculate fire to sensor radial distance (ovemides sensor setting)

Sprinkler Reliability 1

Probability of Suppression 1
Sprinkler Cooling Coefficient 1 Reference

No. Operating Sprinklers Required for Suppression

|
-

—_—

Figure 63. Input form for managing sprinklers or heat detectors.
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Standard response, quick response, extended coverage sprinklers or heat detectors
can be added using the default sprinkler properties and settings given in VM2 (MBIE,
2014) as shown in Table 8. The properties of these sensors may be subsequently
edited if required to suit the needs of the user for non-VM2 use.

Table 8. Default properties assigned to sprinklers and heat detectors following VM2.

Standard Quick Extended Heat

response response coverage detector

sprinkler sprinkler sprinkler
RTI (ms)Y/? 135 50 50 30
C-factor (m/s)/2 0.85 0.65 0.65 0
Activation temp (°C) 68 68 68 57
Radial distance (m) 3.25 3.25 4.3 4.2
Distance below ceiling (m) 0.025 0.025 0.025 0.025
Water application rate (mm/min) 4.2 4.2 4.2 0

Heat detectors are distinguished from sprinklers internally in B-RISK by virtue of having
a C-factor and water spray density equal to zero. If either of these two parameters are
non-zero, the sensor will be treated as a sprinkler.

Sprinklers or thermal detectors must be located in the room of fire origin to respond.

The required input property data for each sprinkler is shown in Figure 64.
a5l Edit Sprinkler I.-. " l = ‘ =] I&I

Units

>

room |1

RTI 135 ms)™1/2
activationtemp 68 degC
cfactor 0.85 (m/s)™1/2

water spray density 4.2 mm./min
radial distance 3.25 m

x -coordinate 1 m

4

y -coordinate 1 m

Distance Below Ceiling 0.025 m

\ = =

Figure 64. Input form for entering sprinkler or heat detector properties.

Some of the parameters may be assigned statistical distributions. These include the
RTI, activation temperature, C-factor, water spray density, radial distance and distance
below the ceiling. The available probability distributions are normal, uniform, triangular
and lognormal.
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The file called “sprinklers.xml” contains the details about each sprinkler and what
distributions, if any, have been assigned.

This file will be found in the relevant project folder under the “riskdata” directory (e.g.
C:\Users\...\Documents\B-RISK\riskdata\basemodel_default\sprinklers.xml).

If the simulation has the CALC SPRINKLER RADIAL DIST checkbox option selected, the radial
distance between the sprinkler and the fire item (i.e. first item ignited only) is
calculated based on the position of the first item and each sprinkler in the room. This
value of radial distance is saved in the input file for each iteration. If this option is not
selected, the radial distance assigned by the user to the sprinkler is used instead. The
spatial layout of sprinklers in the room can be viewed in the POPULATE ROOM ITEMS form
as shown in Figure 65.

-
a) Populate Room ltems lo| =3[ = |

Add/Edit Items

start ] [ stop

FLED (MJ/m2) |1g5.47

No. of tems

Grid Size (m) 0.2
Vent Clearance (m) 1 (ign 0s)

Show Vectors [ 6
Show Grid [V

Show Sprinklers [V]

The items are randomly
selected from the item list.

The number of items is
determined by summing the fire
load for each item (mass x
hoc) until the total fire load

for the room is reached (FLED
x floor area).

Auto Populate items © keep clear

Manual Positioning of tems

Calc Sprinkler Radial Dist ||

Populate Room
o
1m
- Length Recall layout by iteration 1 =

S

Figure 65. Room layout showing sprinkler locations (small hollow black squares
indicate sprinkler location).

8.2 Effect of sprinkler spray on fire-induced doorway
flow

Crocker et al. (2010) found that the mass flows exiting a doorway can be predicted
during a fire with sprinkler activation by using a cooling coefficient that can be
experimentally determined, leading to improved predictions of the fire environment
outside the room of origin in sprinklered occupancies. The discharge coefficient for a
wall vent opening is modified by multiplying by the sprinkler cooling coefficient. They
found that the Tyco LFII sprinkler (TY2234) reduced the mass flow in the doorway by
16% compared to the unsprinklered case, suggesting a sprinkler cooling coefficient of
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0.84. Knowledge of the temperature reduction resulting from a sprinkler spray does
not need to be known to predict the impact of the sprinkler spray on doorway mass
flow rate.

The effect of the sprinkler cooling the plume gases is not accounted for.

The sprinkler cooling coefficient is entered as shown in Figure 63.

8.3 Sprinkler reliability

A sprinkler reliability value or an associated probability distribution can be assigned to
the reliability of the sprinkler system. For each iteration, the reliability parameter is
sampled from the assigned distribution, and then a uniformly selected random number
between 0 and 1 is compared to the sampled reliability value. If the random number
exceeds the reliability value, the sprinkler system is deemed ineffective and the
operation of the sprinkler system is assumed to have no effect on the rate of heat
release for that iteration. If the sampled random number does not exceed the reliability
value, the rate of heat release for that iteration will be modified to the probability of
suppression or control entered by the user.

The sprinkler reliability is entered as shown in Figure 63.

8.4 Probability of suppression or control

A conditional probability of suppression value (given the sprinkler system is
operational) or an associated distribution can be assigned by the user. If the
probability of suppression is given as X, then the probability of control is 1-x. For each
iteration, the probability of suppression is sampled from the assigned distribution, and
then a uniformly selected random number between 0 and 1 is compared to the
sampled probability of suppression value. If the random number is not greater than the
probability of suppression value, the sprinkler system operates in suppression mode
using the suppression algorithm described in section 8.5. If the random number
exceeds the probability of suppression value, the sprinkler system operates in control
mode and the rate of heat release for that iteration will be maintained at a constant
value following activation of the sprinkler.

The probability of suppression is entered as shown in Figure 63.

8.5 Effect of sprinkler spray on rate of heat release

The two input parameters for sprinkler system reliability and for probability of
suppression together result in one of three possibilities for the effect the system has on
the rate of heat release of the fire for each iteration.

The effect of the sprinkler on the rate of heat release of the fire may therefore be
modelled in one of the following ways:

1. No effect on the rate of heat release of the fire, with the activation time reported
only, such as when the system has been compromised and there is no water
available. This will occur for all iterations by setting the reliability parameter to
zero.

2. Maintain the fire size at a constant heat release rate equal to the fire size at the
time of sprinkler activation. This is referred to as “control” and will occur for all
iterations by setting the probability of suppression parameter to zero and the
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reliability value to 1. If the total input heat release rate reduces below the rate of
heat release at activation, the lesser value applies.

3. Simulate suppression using an algorithm developed by Evans (1994) for unshielded
furniture fires where the rate of heat release after activation is given by:

(t - tact)]

Q(t - tact) = Q(tact)exp [W (162)

Where w'’ is the water spray density (mm/s), t,..is the sprinkler activation time
(s) and Q(t,.) is the heat release rate of the fire at the time of sprinkler activation
(kW). This equation applies to sprinkler spray densities not less than 0.07 mm/s.

This option is achieved for all iterations by setting both the probability of
suppression and reliability parameters to 1.

8.6 Minimum number of sprinklers required for
suppression or control

The minimum number of operating sprinklers, in the range one to four, required to
initiate suppression or control can be specified by the user in the form of a discrete
distribution, which is defined such that:

p(1-spr) + p(2-spr) + p(3-spr) + p(4-spr) = 1.0 (163)
Where p(x-spr) is the probability that x sprinklers are required to suppress or control

the fire. The default setting is p(1spr)=1.0, p(2spr)=0, p(3spr)=0, p(4spr)=0, i.e. only
one sprinkler is required to initiate control or suppression.

The distribution for the minimum number of sprinklers required for suppression or
control is entered as shown in Figure 63 and Figure 66.

ol Discrete Probability l’D ‘ © 'ﬁi@‘

7

Min No. of Sprinklers required

to suppress the fire Probability

1

2
3
4

Total

1
0
0
0
1

Figure 66. Distribution for minimum number of sprinklers required to suppress or
control the fire.
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8.7 Ceiling jet algorithms

There are two ceiling jet algorithms available for predicting sprinkler or thermal

detector response. One uses Alpert’s unconfined ceiling jet correlation (Alpert, 1972,
2008), presented in section 8.7.1, while the other uses the JET algorithm (default)
developed at the National Institute of Standards and Technology (NIST) (Davis, 1999)
and presented in section 8.7.2. The user selects the ceiling jet model using the misc

SETTINGS, MODEL PHYSICS menu item as shown in Figure 67.

" . -
O Tenability 4 Flame Spread | @ Misc Settings | .0 View gl Single Run Graphs

Printout Options

Describe Project

Solvers

Ambient Conditions
Compartment Effects
Postflashover Behaviour
Model Physics e

Settings

General Model Physics Combustion Parameters Environment Tenability
Fire Growth Solvers Post Flashover CO / Soot Other

Zone/Layer Assumptions Other Physics

@ Two Zone/Layers (default)

) Model Room as Single Zone

Ceiling Jet Model

Alpert's Unconfined

@ NIST JET model

Figure 67. Ceiling jet model selection.

8.7.1  Alpert’s correlations

The correlations used for the temperature and velocity of the ceiling jet are those of

Alpert (2015) as follows:

16.9Q%/?
T, —Tine = ——cn—
cj int H5/3

5.38Q%3/H5/3

r
T — Tine = ————=— for —>0.18

(r/H)2/3 H
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¢ =Y. ﬁ or ﬁ < U.
_ (Q/H)'/3 r
U,_.]- =0. 197W for E > 0.15 (167)

These correlations are for the maximum temperature and velocity in an unconfined
ceiling jet, so it is assumed that the detector/sprinkler link is located at the distance
below the ceiling at which these maximum values occur.

Equation (169) gives a differential equation describing the temperature of the sensing
element.

8.7.2  JET algorithm

The JET algorithm developed at NIST (Davis, 1999) predicts the plume centreline
temperature, the ceiling jet temperature and the ceiling jet velocity produced by a
single fire plume. The unique feature of this model is that the characteristics of the
ceiling jet depend on the depth of the hot layer. The model assumes flames do not
touch the ceiling and the fire is located near the centre of the compartment.

Variation of the ceiling jet temperature and velocity with distance below the ceiling is
incorporated using the LAVENT method described in NFPA 204 Appendix B (National
Fire Protection Association, 1998). The ceiling jet temperature equals the ceiling
surface temperature at the ceiling and increases to a maximum value at a certain
depth below the ceiling given by:

09
e = 0.023H [%] forr/H > 0.2 (168)

Thereafter, the ceiling jet temperature reduces until it equals the upper layer
temperature when above the layer interface height.

The differential equation describing the temperature of the sensing element is from
Heskestad and Bill (1988), and it incorporates both convective heating of the sensing
element and conductive losses to the sprinkler piping. The equation is:

daT, W ch (ch - Te) C(ch B Tint) r 169
dar RTI ~—Rrr org>02 (169)

Based on comparisons with experimental data, the predictions of JET generally agreed
with experimental results for compartments with ceiling heights up to 22 m (Davis,
1999).

8.8 Sprinkler output

The input files (inputxxx.xml) created by B-RISK contain the sprinkler data for each
iteration. Where parameters have previously been assigned distributions, these files
contain the sampled values for each iteration.
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- «sprinklers NumOperatingSpr="1" spr_cooling_coefficient="1.0000" spr_suppression_prob="0.0000"
spr_reliability="1.0000" sprink_mode="1">
- <sprinkler id="1">
<RTI>95</RTI>
<c_factor>0.44</c_factor>
<radial_distance>3.304921</radial_distance>
<actuation_temp>72</actuation_temp>
<water_spray_density>0.1</water_spray_density>
<depth>0.1</depth>
<x-dim>2.25</x-dim>
<y-dim>1.5</y-dim>
< /sprinkler=
- <sprinkler id="2">
<RTI>95</RTI>
<c_factor>0.44</c_factor>
<radial_distance>1.386542</radial_distance>
<actuation_temp>72</actuation_temp>
<water_spray_density>0.1</water_spray_density>
<depth>0.1</depth>
<x-dim>6.725</x-dim>
<y-dim>1.5</y-dim>
</sprinkler>
</sprinklers>

The output files (outputxxx.xml) created by B-RISK for each iteration of the model
contain the response time for each sprinkler as well as the sprinkler activation time and
the number of sprinklers activated.

<?xml version="1.0" encoding="UTF-8"?>
<!--Created by BRANZFIRE Version 2012.48-->
- <output>
- <run num_sprinklers_activated="2" sprinkler_activation_time="131" time_at_VL="0.000" HRR_at_VL="0.000"
time_at_FO="0.000" HRR_at_FO="0.000" fitted_alpha="0.000" actual_FLED="300.0" sampled_FLED="300.0"
runtime="8.4" id="inputl.xml">
- <responsetime number="2">
<sprinkler id="1" units="sec" value="146.0"/>
<sprinkler id="2" units="sec" value="131.0"/>
</responsetime=
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9. Smoke detectors

9.1 General

Smoke detector actuation is predicted based on the smoke concentration at the
location of the detector, taking into account the effect and smoke concentration within
the ceiling jet if present. Multiple smoke detectors can be positioned within any room.

If multiple items are burning in the room, only the characteristics (e.g. rate of heat
release) of the first burning item and its associated ceiling jet are used in the detector
response calculation. The contribution from any additional burning item is ignored
except for its contribution to the smoke concentration in the hot layer.

Smoke detectors may be added, removed, copied or edited using the SENSORS, SMOKE
DETECTORS menu item as shown in Figure 68.

The radial distance between the detector and the fire plume can either be directly
specified by the user, or the distance can be calculated based on the coordinates
specified for the detector and fire items. For the distance to be calculated, the
checkbox shown in Figure 68 must be checked.

If specified smoke detector radial distance from the plume is longer than the length of
the room diagonal, the length of the room diagonal is used in the calculations instead
of the specified radial distance.

Ei B-RISK DESIGN FIRE TOOL (2012.0.32.22563)

! [l File [&]Console {jRoom Design =fj Ventilation Tr Sensors ) Select Fire gy Tenability
| = (= =] lgl Sprinklers / Heat Detectors
l [ Smoke Detectors ‘
a5 Smoke Detectors = |[-E- | [z
[ D Room  x[m) y [m) ‘
1 1 4.500 1500 { Add Smoke Detector ]
[7] Calculate fire to sensor radial distance (overrides detector setting)
Smoke Detector System Reliability 1

Figure 68. Input form for managing smoke detectors.
The required input property data for each smoke detector is shown in Figure 69.

The user may specify whether the optical density at alarm threshold will apply inside
the detector housing or be external to the detector at the specified location. If the
checkbox shown in Figure 69 is not checked, the optical density external to the
detector will be used.
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pr

=

- Edit Smoke Detector

{]
g

Units

—_
>

room v

Optical Density at Alarm  0.097 1/m
radial distance 7 m

% -coordinate 4.5 m

y - coordinate 1.5 m
Distance Below Ceiling  0.025 m
Characteristic Length 15

0D criteria applies to inside detector [

l Cancel ][ Save ]

Figure 69. Input form for entering smoke detector properties.

If VM2 user mode is selected, the OD criteria can only be applied to the conditions
outside the detector and therefore the characteristic length property will not be used.

Some of the parameters may be assigned statistical distributions. These include the
optical density at alarm, radial distance, distance below ceiling and characteristic
length. The available probability distributions are normal, uniform, triangular and
lognormal.

The file called “smokedets.xml” contains the details about each smoke detector and
what distributions, if any, have been assigned.

This file will be found in the relevant project folder under the “riskdata” directory (e.g.
C:\Users\...\Documents\B-RISK\riskdata\basemodel_ defau/f\smokedets.xml).

9.2 Smoke detection system reliability

A smoke detection system reliability value or an associated probability distribution can
be assigned to the reliability of the smoke detection system using the option shown in
in Figure 68. For each iteration, the reliability parameter is sampled from the assigned
distribution, and then a uniformly selected random number between 0 and 1 is
compared to the sampled reliability value. If the random number exceeds the reliability
value, the entire smoke detection system is deemed ineffective and will not operate.

9.3 Smoke detector response

Smoke detector response is based on the calculated smoke optical density at the
location of the detector. The response time of the detector is calculated using
Heskestad’s method (1975), while the smoke concentration in the ceiling jet and hence
optical density is calculated using a method developed by Davis et al. (2003).

The rate of change of optical density inside the detector housing is given by the
following first-order differential equation. This equation is solved at each time step to
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determine the time at which the optical density exceeds the threshold value required
for the detector to activate:

t—2(p, - D, 170
=7 (0= D) (170)
l
L (171)
u

Where D, is the optical density outside the detector, D; is the optical density inside the
detector chamber, T is a time constant for the detector, | is the characteristic length of
the detector (which effectively accounts for the time delay for the smoke gases to
penetrate the detector housing) and u is the velocity of the ceiling jet at the location of
the detector.

Davis et al. (2003) use the concept of a substitute source in the development of a
correlation for the smoke concentration in the ceiling jet. The ceiling jet is considered
to be submerged within the hot gas layer and thus will be hotter than the case where
the hot layer is not present. The substitute source is described by a heat release rate
Q, and location beneath the ceiling H,.

Q, is given by:
o [pei?? (1 ke
Q5 = — s (172)
D+C.K (1 +KQ; )
& = ¢ (173)

- p,cpT,\/g(Z —z,)5/2

Where K = 9.1(1 — 1,)%/3, C, = Y,»0tpy, IS the scalar concentration of smoke in the
upper layer and Z is the layer height above the fire while z, is the location of the virtual
point source.

The location of the substitute source Z; is given by:

2/5

. Qi
Z, =1, (174)
. A2+ 1C .. 2/3\ ».1/3
0+ g (1+ K0 ) 0
Y ('12—+1) c.T
D s AZ Pi ptl (175)

= 3.4h,m(1 - 1,)173(1.201)%(0. 12)2

A is the Gaussian width ratio for the velocity and temperature profiles in the plume
where A = 1.157.

The maximum concentration at the ceiling on the plume centreline is:
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be; (Hz)
CS 0o — + CL (176)
P 273 (2N
1+ KQ, (H_z)

The maximum concentration in the ceiling jet at r = 0.18H is:

2

C,, =V2

2 7 77(Capo—C) + G, (177)

Finally, the maximum smoke concentration in the ceiling jet at a radial distance of r
from the plume centreline (where r > 0.18H) is given by:

0.18H\%%7
) +a (178)

Coor) = (€50 =€) (

A more detailed derivation of the above equations is given by Davis et al. (2003).

A further refinement is introduced to account for a variation in the velocity of the
ceiling jet with distance below the ceiling. The maximum gas temperature and velocity
(and smoke concentration) typically occurs at about 1% of the fire-ceiling height below
the ceiling. The ceiling jet velocity affects equation (171) for the time constant and
subsequently the rate of change of optical density. Variation of the ceiling jet velocity
with distance below the ceiling is incorporated using the LAVENT method described in
NFPA 204 Appendix B (National Fire Protection Association, 1998). This modification
only affects calculations where the smoke optical density inside the detector is of
interest. The calculated optical density outside the detector is a maximum and does
not change with distance beneath the ceiling for a given radial distance from the plume
centreline.

The optical density limits for actuation are based on AS 1603.2 (Standards Australia,
1989) test limits as described in the Australian Fire Engineering Guidelines (Fire Code
Reform Centre, 1996). Three sensitivity classes are given: normal, high and very high,
with optical density limits of 0.097, 0.055 and 0.013 m™ respectively. These limits are
applicable to photoelectric detectors but are expected to be conservative if applied to
ionisation detectors in flaming fires.

Once the time at which the optical density at the detector location exceeds the
threshold value (top) required for activation, the response time of the smoke detector
is calculated including an estimate of the gas transit time for the smoke gases to travel
from the fire source to the detector (t ansit) @S given in equations (171) and (172)
where H is the vertical distance from the base of the fire to the ceiling, r is the radial
distance from the plume to the smoke detector, u, is the velocity of the ceiling jet at
the ceiling directly above the plume and u, is the velocity of the ceiling jet at the
location of the smoke detector.

tact,sd = tOD + ttransit (179)

2H 2r (180)

transit up (uO + ur)
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For smoke detectors located outside the room or fire origin, there is no ceiling jet and
therefore no dependence on radial distance. In this case, the average upper layer
optical density in the room is compared to the optical density required for response to
determine when the detector activates.

In the room of fire origin, the transit time is checked to see if the ceiling jet has
reached the detector (a requirement) before the detector is allowed to respond.

For detectors not in the room of fire origin, the detector is not allowed to respond until
at least the ceiling jet in the fire room has traversed the length of the fire room
diagonal. This transit time is also added to the time at which the optical density
criterion is met to give the response time of the detector.

9.4 Smoke detector output

The input files (inputxxx.xml) created by B-RISK contain the sprinkler data for each
iteration including the sampled system reliability value and whether the smoke
detection system is operational (True) or not (False). Where parameters have
previously been assigned distributions, these files contain the sampled values for each
iteration.

- <smoke_detectors operational_status="True" sys_reliability="1.0000">
- <smoke_detector id="1" room="1">
<0D>0.097</0D>
<radial_distance>7</radial_distance>
<depth>0.025</depth>
<x-dim>6</x-dim>
<y-dim>1.5</y-dim>
<charlength>15</charlength>
</smoke_detector>
- «<smoke_detector id="2" room="2">
<0D>0.097</0D>
<radial_distance>7</radial_distance>
<depth>0.025</depth>
<x-dim>4.5</x-dim>
<y-dim>1.5</y-dim>
<charlength>15</charlength>
</smoke_detector>
</smoke_detectors>

The output files (outputxxx.xml) created by B-RISK for each iteration of the model
contain the response time for each smoke detector.

<?xml version="1.0" encoding="UTF-8"?>
<!--Created by BRANZFIRE Version 2012.48-->
- <output>
- <run num_sprinklers_activated="2" sprinkler_activation_time="131" time
sampled_FLED="300.0" runtime="8.4" id="inputl.xml">
- <responsetime number="2">
<sprinkler id="1" units="sec" value="146.0"/>
<sprinkler id="2" units="sec" value="131.0"/>
</responsetime>
- <smoke_detectors>
<smoke_detector id="1" units="sec" responsetime="38.8"/>
<smoke_detector id="2" units="sec" responsetime="206.0"/>
</smoke_detectors>
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10. Glass fracture

An automatic glass fracture model is included based on work by Parry et al. (Parry,
2002; Parry, Wade & Spearpoint, 2003). The model is largely based on the heat
transfer model developed by Sincaglia and Barnett (1997) and the fracture criterion of
Pagni and Joshi (1991). The finite difference scheme stability criterion was revised
from that presented by Sincaglia and Barnett. Routines for assessing flame flux heating
have been added. Parry reported predicted fracture times consistent with experimental
results from Skelly, Roby and Beyler (1991).

Readers are referred to the publications by Parry et al. (Parry 2002; Parry, Wade &
Spearpoint, 2003) for details of how the model has been implemented in B-RISK.

The model does not predict fallout times. This can be specified by the user. A time
from fracture to fallout of 0 sec will cause the vent to be opened at the predicted time
of glass fracture. The input form for entering glass properties is shown in Figure 70.

r N

Vent - Glass Properties

Glass Properties for Current Vent

Thickness 6 mm
Thermal conductivity 0.937 WimK
Thermal diffusivity 4.2E-07 mls
Young's modulus 72000 MPa
Fracture stress 47 MPa
Shading depth 20 mm
Thermal expansion coefficient 8.3E-06 rc
Time from fracture to fallout 0 sec
Heat Flux Options

@) Glass heated by hot layer only

Glass heated by flame and hot layer

Glass to flame distance 0 m
Close

.

Figure 70. Input form for vent — glass properties.
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11. Fire growth on surface linings
11.1  General

B-RISK includes a flame spread and fire growth model developed principally for the
room-corner fire scenario but also generalised to function with distributed room
contents using the design fire generator.

The fire growth model is based on the work of Quintiere (1993) and accounts for both
wind-aided and opposed flow flame spread. A number of improvements and
modifications to the original Quintiere model have been made as described here.

The design fire generator allows individual items in the room to ignite the wall and/or
ceiling lining, but this occurs only once each for the wall and ceiling by whichever item
is responsible for the earliest ignition event.

The flame spread and fire growth model is not enabled by default and can be selected
by the user from the FLAME SPREAD, FLAME SPREAD SETTINGS menu item as shown in
Figure 71. The burner is the source of ignition for the surface linings and is
represented as a square gas burner. The use of the flame area constant and flame
length power are described in section 11.8.

The ignition and flame spread properties of the surface linings are characterised using
time to ignition and rate of heat release data from cone calorimeter tests.

ﬁ B-RISK DESIGN FIRE TOOL (2012.0.48.28940)
JiFile (@ Console { yRoom Design «ff Ventilation T Sensors  J) Fire Specification gy Tenability |4 Flame Spread | J# Misc Settings
AN=A" =] ﬂ Flame Spread Settings

Material Cone File

Flame Spread Options

General | Model Physics | Combustion Parameters | Environment | Tenability Options for Flame Spread Model
Fire Growth Solvers Post Flashover CO/ Soot Other O use one cone calorimeter HRR curve and scale data

] Fire Growth Simulation Model for Room Lining Materials (® use all cone calorimeter data provided and interpolate

i O None ® Use Flame Spread Model [] pisable Lateral Flame Spread on Walls

General Parameters

i Flame Area Constant |0.0065
Flame Length Power

; I More Options

Ignition Correlations

O Grenier and Janssens

® Flux Time Product method (default)

o

Figure 71. Flame spread settings.
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11.2 Quintiere’s room-corner model

This flame spread and fire growth model is generally based on previous work by
Quintiere (1993). B-RISK predicts ignition, flame spread and the resultant heat
released by the wall and ceiling lining material. Two modes of flame spread are
considered. Upward flame spread includes fire spread up the wall, beneath the ceiling
and along the wall/ceiling intersection on the wall in the region of the ceiling jet. The
opposed flow flame spread includes lateral flame spread on the wall originating at the
burner location and downward spread on the wall from the ceiling jet region.

While Quintiere’s model has been used as the basis of the model described here, a
number of significant modifications and changes have been incorporated. These
include the following:

e Assuming a non-uniform burning rate based on time-dependent heat release rate
data measured in a cone calorimeter.

e Ordinary differential equations for both the upward and lateral pyrolysis fronts are
solved. However, only the upward, not lateral, burnout front is solved.

e Estimating the flame flux from a burning object to the wall as described in the next
section. Quintiere originally assumed 60 kW/m2. The wall region first ignited is
assumed to be bounded by the calculated flame height and the side dimensions of
the burner.

e Assuming the flame flux in the pyrolysing regions (but outside the burner region) is
35 kW/m? (as discussed later), while the assumed flame flux ahead of the flame
front (i.e. regions not yet ignited but subject to preheating) is assumed to be
30 kW/m?2,

e A new correlation is used to estimate the heat flux from the burner flame to the
room surfaces depending on the heat output of the burner.

e Determining the surface temperatures for the wall and ceiling using a finite
difference method with the upper layer temperature as a boundary condition. The
upper layer temperature is determined from a mass and energy balance for the
room. As a result, an upper layer temperature correlation is not used.

e Adding subroutines to account for the direct ignition of the ceiling lining
(independent of wall ignition).

e Integration with the design fire generator allows secondary burning items to also
ignite wall and/or ceiling linings.

11.3  Characterising the burner

In the ISO 9705 room-corner test (ISO, 1993), the wall is ignited with a propane gas
burner of output 100 kW for the first 600 seconds, which is then increased to 300 kW
until completion of the test at 1,200 seconds. The burner dimensions are specified
using the item length, width and height properties for the item as shown in Figure 27.
Dimensions for the standard ISO 9705 gas burner are 0.17 m, 0.17 m and 0.3 m for
the length, width and height respectively.

The height of the burner flame, L, in the room-corner test is determined using a
correlation from Lattimer (2002).

= 5.9/0° (181)

Where Q* = Qy /(1110bW5/ 2) and b,, is the width of one side of a square burner.
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To generalise this for the DFG, where the room items comprise rectangular-shaped
items, the average plan dimension of the item is used for burner width.

item length + item width
w =
2

(182)

The burner may also be located against a wall or in the centre of the room as well as
in a room corner. This has been allowed for by selecting correlations for the burner
flame height appropriate to the burner position. The Heskestad correlation for a burner
located in the centre of the room is (Heskestad, 1984):

L=-1.02D +0.2350,”"° (183)

The same flame height correlation is also used when the burner is placed against a
wall.

When a room is populated with contents, any item within a grid width interval of a wall
as shown in the room population screen is assigned a “wall” location, whereas if the
item is within a grid interval of two adjacent walls, it is assigned a “corner” location.

Heat flux correlations for a fire in the corner of a room were developed by Lattimer
(2002). In a corner situation, the peak heat flux to the wall is given as a function of
the burner dimension by:

qyw = 120[1 — e7*%w] (184)
The maximum heat flux to the ceiling in the corner (at the point of impingement) is
given by:

g, = 120 for (H/L) < 0.52 (185)

q. = 13(H/L)~35 for (H/L) > 0.52 (186)

The method for determining the heat flux from the burner flame against a flat wall is
based on work by Back et al. (1994). They developed a correlation based on square
propane burners against a wall. The burners varied in output from 50-500 kW and had
edge lengths of 0.28-0.70 m. The maximum heat flux incident to the wall from the
burner flame is given by:

iy =E(1- e ") (187)

Where E = 200 kW/m? and k = 0.09 kW3, This heat flux was assumed to be constant
over the wall area up to the height of the flame. Above the flame height, the heat flux
reduces with height (Z) according to:

qw = 20(Z/L)~>/3 (188)
This latter equation is used for estimating the heat flux at ceiling level prior to ignition

of the wall, with Z=H. The heat flux on the ceiling surface directly above the fire
plume, for a fire location away from walls is given by (Lawson & Quintiere, 1985):
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q.=0.28Q,”°(H)~7/3 (189)

This equation assumes the heat flux is mostly convective so may underestimate the
total flux.

The heat flux to the wall for a fire location away from walls is based on a point source
model, in the same manner as used for the DFG item-to-item fire spread (see section
4.3.2).

i, = 2@ (190)

= 4mr?
11.4  Ignition of the wall lining

There are two methods for determining the ignition time for the wall depending on
which ignition data correlation has been selected. When the flux time product (FTP)
method (Silcock & Shields, 1995) is used, the time for the wall lining to ignite (¢;,) is
that time after which the flux time product for the material has exceeded the FTP,
value determined from the correlation of the cone calorimeter ignition data as
described in section 11.11.2 and expressed as:

FTP, = [,*(q, — q.,)" where g, > ¢, (191)

The incident heat flux exposing the wall g, in the region of the burner flame, 4,,,, is
given by summing the incident heat flux from the flame, ¢,,, and the incident heat flux
due to the heated gas layers and other room surfaces, g;,, as follows:

Anet = G + Qine (192)

When the Grenier and Janssens (1997) method of correlating the ignition data is
selected, a finite difference scheme is used to determine the surface temperature of
the wall lining and the wall is ignited when the ignition temperature is reached.

11.5 Energy release rate — Method 1

Two methods are provided for determining the heat released over time by the surface

lining materials. The first (Method 1) uses cone calorimeter test data obtained at only a
single heat flux, while the second (Method 2) uses cone calorimeter test data obtained
using a range of external heat fluxes. Method 2 is recommended to the user whenever
possible.

Method 1 estimates the energy release rate from burning room lining materials based
on the input of cone calorimeter data at a single heat flux and extrapolates to estimate
the energy release at different imposed heat fluxes.

The peak heat release rate per unit area for the lining material is estimated, as
generally described by Quintiere, as follows:

o, = A
14 Lg

(qw + qgnt - SO'T;-Lg (193)

Where g,, is the applicable flame heat flux over the pyrolysis region, ¢;,, is the heat
flux from the hot gas layer and other room surfaces (excluding the reradiation term)
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and T, is the assumed temperature of the pyrolysing surface being equal to the
ignition temperature of the surface or the surface temperature determined from the
zone model, whichever is the higher. The effective heat of combustion from the cone
calorimeter is represented by AH., and L, is the heat of gasification determined by the

model from a correlation of the peak heat release rate data from cone calorimeter
experiments.

The model separately considers the pyrolysing region outside the burner flame region
from that impinged on by the burner flame. While the burner flame heat flux is
calculated as described above, the flame flux to the material outside the burner region
is taken as 35 kW/m2.

The model normalises the input heat release rate curve (from the cone calorimeter) by
dividing by the peak heat release rate (Q';,,cone, from the cone test) at each time step.
The value of the peak rate of heat release determined by equation (193) is then
multiplied by the normalised ratio given that the elapsed time from ignition is known.
2. (t

Q,, cone 2 (194)

The model also makes a transformation of the new heat release rate curve by scaling
the time axis so that the total area under the curve (total energy available) remains
the same as that measured in the cone calorimeter test as illustrated in Figure 72.

300

measured peak 255 kW/m2

250 A

\ test result measured in cone

200 - calorimeter @ heat flux 35 k\W/m2

new peak predicted from Eqn 2.16

iy

(92

o
L

iy

o

o
L

Rate of Heat Release (kW/m2)

— predicted HRR curve

vertical axis scaled by new peak / measured peak
horizontal axis scaled such that areas under the
curve are equal

50 -

0 100 200 300 400 500 600 700 800 900

Time from Ignition (sec)

Figure 72. Transformation of the heat release rate curve.

The total energy released is the sum of that from the burner, the walls and the ceiling,
and this is given by:

0 = 0, + ) (€' ®A4,®) (195)
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Where Q, is the heat release rate of the burner, Q' (t) is the heat release rate per unit
area from the lining material at time t and A4, is the incremental pyrolysis area. At
each time step, the pyrolysis area is calculated as described below and the time step at
which each incremental area first ignited is therefore known. The total heat release
rate is the sum of the incremental pyrolysis areas multiplied by the time-dependent
heat release rate for each incremental area.

11.6  Energy release rate — Method 2

This method estimates the energy release rate from burning room lining materials
based on the input of cone calorimeter data at multiple heat fluxes and interpolates the
data to estimate the energy release at a specified imposed heat flux based on the
elapsed time since ignition.

The total energy released is the sum of that from the burner, the walls and the ceiling,
and this is given by:

0® = 0y + Y (€' ®A4,®) (196)

Where Q" is the energy release per unit area for each incremental area and depends
on the elapsed time of burning for each incremental area. This is determined from the
available set of cone calorimeter heat release rate curves for the material determined
for a range of external heat fluxes. The data set is interpolated using a cubic spline
technique (Eagle, 1997) to determine the applicable energy release rate given the
elapsed time from ignition and the imposed heat flux to the wall. Data is extrapolated
so that, where the imposed heat flux is outside the range bounded by the cone
calorimeter tests, the energy release rate is estimated by multiplying the data from the
nearest curve by the ratio of the predicted incident flux to the cone curve external flux.
The heat release rate of the burner is represented by Q,, and AA,, is the incremental
pyrolysis area. At each time step, the pyrolysis area is calculated as described below
and the time step at which each incremental area first ignited is therefore known. The
total heat release rate is the sum of the incremental pyrolysis areas multiplied by the
time-dependent heat release rate for each incremental area.

This method relies on the availability of time-dependent cone calorimeter heat release
rate data for a range of different heat fluxes (typically ranging from 25 to 75 kW/m?)
and is the preferred method.

11.7  Determining the pyrolysis area

There are two cases to consider. The first is when the pyrolysis front has not yet
reached the ceiling, and the second is when it has. The area calculations are the same
as those described by Quintiere (1993). In the first case, the wall adjacent to the
burner has ignited and is pyrolysing, while the pyrolysis front has not yet reached the
ceiling, as shown in Figure 73. The region initially adjacent to the burner is defined by
(Xp,0r Yp,0)- On ignition of the wall, xp0 = bw m and yp0 = 0.4L m, where y, , represents
the height of the ignited region above the burner, L is the flame height and X,
represents the width of the burner.
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Figure 73. Wall ignited — pyrolysis front has not reached the ceiling.
The pyrolysis area is given by:

A, = Z[ypx,[,,J + (xp — xpo)yp,, + 0. S(yp — ypo) (xp - xp,,)] (197)

In the second case, the wall adjacent to the burner has ignited and is pyrolysing, and
the pyrolysis front has reached the ceiling, as shown in Figure 74.

Yp -H

oo

[
Line }

Figure 74. Wall ignited — pyrolysis front has reached the ceiling.

The total pyrolysis area will be the sum of three areas — the wall area 4,4, the ceiling
jet area A,;; and the ceiling area A4,;.
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The required equations are:
Ay = Z[pro + (xp - xpo)ypo +0. 5(xp - xpo) (H - yp,,)] (198)
z, = X, — Xp(ty) (199)

Where tj; is the time when the y-pyrolysis front reaches the ceiling.

And for z, = 0,

Ayjy = 2(y, — H)(0.12H) (200)

And for z, > 0,

Ayjy =2|(y, — H)(0.12H) + 0.5z,(y, — H)
. (201)
2[Ap ™ Apo
—0.5(0.12H + z
( p) [H - yzw]
Apc1 = the lesser of the ceiling area or _4(yp—H)2 (202)
A, = Apy + Apj1 + Apar (203)

The depth of the ceiling jet is taken as 12% of the ceiling height above the burner
surface, being an upper end rule-of-thumb estimate from Evans (1988).

11.8 Upward flame spread

The governing equation for upward flame spread is given by Quintiere as:

dy, Yr—Yp
—f==—"F (204)
dt tig
Where, for thermally thick materials, t;, is given by:
T Tig — Ts]
tiyg = ZkPC — (205)
Gy

The heat flux ahead of the flame, q}f, is assumed to be 30 kW/m?, while Ty is the

lining surface temperature and kpc is determined as described in section 11.11.1. The
position of the upward pyrolysis front is represented by y,, and y; is the flame length
in the upward direction.

Alternatively, where the FTP method (Silcock & Shields, 1995) is used to correlate the
ignition data, the time to ignition expression used is:

tig = FTPn(qff - "I;r)_l/p (206)
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For the case where the flame from the wall or ceiling material is contiguous with the
burner flame, the flame length y, is given by equations (181) or (183) depending on
the location of the burner and with Q taken as the heat release from both the burner
and lining material.

The upward burnout front is also modelled to determine the case where the burner
flame and wall-ceiling flame are not contiguous or have separated as:
dy, Yo=Y

i (207)

Where y, is the position of the upward burnout front, ¢, is a burnout time (s) and is
equal to the area under the heat release rate curve (kJ/m?) divided by the applicable
heat release rate for the lining material (kW/m?) at a particular time (from the small-
scale cone calorimeter data).

When y, > burner flame length, the burner flame and the wall-ceiling flame are
assumed to be non-contiguous or separate. In this case, the position of the flame front
is given by:

Yr=yo+ K (G~ 0y =) (208)

Where K is the flame area constant (=Oﬁ.0065), n is the flame length power (=1)
(Kokkala, Baroudi & Parker, 1997) and Q, is the heat release rate per unit area for the
lining material. When Method 1 (section 11.5) for determining the energy release rate
is used, Q, is determined from equation (193). When Method 2 (section 11.6) for
determining the energy release rate is used, Q;, is determined by interpolation of the
peak heat release rates from the cone calorimeter data provided.

In addition, the model allows for the height of the burner above the floor and takes
this into account in the calculations, although this is not shown in equations (207) and
(208). This height is typically 0.3 m for the ISO 9705 burner.

Although the model allows for different lining materials to be specified for the wall and
ceiling lining respectively, only one governing upward flame spread rate is calculated.
Since the flame spread rate could be influenced by the ceiling material or by that wall
material in the ceiling jet region beneath the ceiling, B-RISK uses the worst case and
thus the material with the lower ignition temperature in equations (204) and (207).

11.9 Independent ignition of the ceiling lining

B-RISK also allows for separate materials to be specified as the wall and ceiling lining,
and therefore there may be instances where the ceiling lining is ignited directly by the
fire plume, instead of progressive flame spread originating from the wall lining
material. It may also be that a non-combustible or inert material is used for the wall
lining so that it would never ignite, thus the possibility of direct ceiling ignition has
been considered.

For a corner fire, the incident heat flux on the ceiling is determined using equations
(184) to (186) depending on the position of the flame tip in relation to the ceiling.
Additional heating by the gas layers and other room surfaces are also added.
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For a wall fire, the incident heat flux on the ceiling is determined using equation (187)
if the flame is touching the ceiling or from equation (188) if the burner flame is not
touching the ceiling. Additional heating by the gas layers and other room surfaces are
also added.

Qeeit = Qw + Aine (209)

Following ignition of the ceiling, the pyrolysis area and heat release is determined at
each time step. The area first ignited is assumed to be a quarter-circle for a fire in a
corner, a semi-circle for a fire against a wall and a full circle for a fire in the centre of
the room with a radius of y, — H in each case (where y, is measured from the floor

and H is the floor to ceiling height).

When the fire is located in the corner or against a wall, the pyrolysis area on the ceiling
is compared to the area determined in the previous case involving progressive spread
from the wall to the ceiling, and the greater of the two areas is used.

11.10 Lateral and downward flame spread
The lateral pyrolysis front is given by:
dx, _ L]

T T 2 210
dt kpc(T;, — Ts)2 (210)

Where & is a flame spread parameter. Equation (210) is only applicable for Ts > T i
where T i, IS the minimum surface temperature for spread, noting that T and T; i,
are determined from the LIFT test (American Society for Testing Materials, 1990).

11.11 Material property data
11.11.1 Method of Grenier and Janssens

Input of data for the wall/ceiling materials

The user supplies information about the lining material from cone calorimeter tests.
The test heat flux, the time to ignition and the peak heat release rate achieved are
required. The model will then correlate the ignition data to estimate the ignition
temperature and effective thermal inertia and will correlate the peak heat release rate
to estimate the heat of gasification. Data measured at a minimum of three external
heat fluxes is required, although a greater number of external heat fluxes are
preferred. The method used is described in the following subsections.

Ignition temperature and thermal inertia

The procedure for determining the surface temperature for ignition 7, and the
effective thermal inertia kpc from cone calorimeter measurements is taken from
Grenier and Janssens (1997) and Janssens (1991, 1992b):

1. Samples are tested at a range of different irradiance levels (at least three). Ideally,
there should be replicates tested at each irradiance. The average time to ignition,
tig, for each heat flux is determined. Taking the time to ignition, t;, as the time for
the heat release rate to reach 30 kW/m? agreed reasonably well with the observed
ignition times.
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2. Correlate the ignition times by plotting (1 /tl-g)" on the Y-axis versus ¢, on the X-
axis. Determine the value of n that results in the highest coefficient of
determination (R?), allowing n to be in the range 0.547 to 1.

3. Determine the X-intercept from a straight line fit through the data. The X-intercept
is taken as the critical heat flux for ignition ¢,

4. Solve (by iteration) the following equation for the surface temperature for
ignition, T;, taking the convective heat transfer coefficient h, = 0.0135 kW/mXK,

and surface emissivity at ignition, e as appropriate for the material.

£q2r = hc(Tig - Too) + SG(T;'Lg - Tgo) (211)
5. Solve the following equation for the total heat transfer coefficient for the surface at
ignition.
hm==(;:¥?;—5 (212)
ig =)

6. Plot the ignition data again, this time assuming thermally thick behaviour and using
n=0.547. Include the data point g, from above on the X-axis.

7. Determine the slope of a straight line drawn through two points. The ¢, from
above on the X-axis and the data point for the highest heat flux. This is a
simplification to make the calculation easier.

8. Compute the apparent thermal inertia, kpc as:

kpC = h2 [;”]1828 (213)
'910.73bq.,

Heat of gasification

The heat of gasification for the material is determined from a correlation of the peak
rate of heat release from cone calorimeter tests following the methodology of Quintiere
(1993). The cone test results will also provide the effective heat of combustion, AH,
(kJ/g). This is required for the following procedure:

1. Correlate the peak heat release rate by plotting q;eak on the Y-axis versus ¢, on

the X-axis.
2. Determine the slope of a linear regression line through the data.
3. Calculate the heat of gasification L, as follows:

_AH,
9 slope

(214)

Example

A material has been tested in a cone calorimeter with the results shown in Table 9.
The average effective heat of combustion for the material was determined to be
13 kJ/g.

Correlate the ignition times by plotting (1 /tig)" on the Y-axis versus ¢, on the X-axis

as shown in Figure 75. By trial and error, the value of n that resulted in the highest
coefficient of determination (R?) and in the range 0.547 to 1 was 1. This indicates
thermally thin behaviour.
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Table 9. Summary of data from cone calorimeter tests.

Heat flux (kW/m?) Time to ignition (s) Peak HRR (kW/m?)
50 12 137.9
35 19 106.7
25 33 90.0
0.09 .
- Ri=gows |
0.07
0.06
< 005 1’/
g 0.04
" oo
0.02
0.01
0
0 5 10 15 20 y. 30 3% 40 45 50
Qe (kWim2)

Figure 75. Correlation of ignition times for best-fit n.

Determine the X-intercept from a straight line fit through the data. The X-intercept is
taken as the critical heat flux for ignition ¢,,, and here it is determined to be
10.4 kW/m?2,

Solve (by iteration) the following equation for the surface temperature for ignition, T;,
taking the convective heat transfer coefficient h, = 0.0135 kW/m?K, and surface
emissivity e = 0.88, T,, = 293 K and g, = 10.4 kW/m2,

€4er = he(Tig — Too) + €0 (Tiy — Tet)
Tig is determined to be 307°C.

Solve the following equation for the total heat transfer coefficient (kW/m?K) for the
surface at ignition:

_ €q,  0.88x10.4
Y (Tyy—Ts) (307 —20)

h =0.032

Plot the ignition data again, this time assuming thermally thick behaviour and using
n=0.547 and including the data point g, from above on the X-axis as shown in Figure
76. Determine the slope of the (dashed) line drawn through the highest and lowest
points.

B (1/12)0.547

slope
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Figure 76. Correlation of ignition times for n=0.547.
Compute the apparent thermal inertia, kpc as:

1 1.828

= (0.032)2 =0.253
( ) 0.73(0.00645)(10.4)

1 1.828
kpc = h-z —_—
P 9 [0. 73chr]

Correlate the peak heat release rate by plotting q;eak on the Y-axis versus g, on the X-
axis as shown in Figure 77. The slope of the linear regression line is found to be 1.93.

Calculate the heat of gasification L,.

AH, 13
L, = =——=6.7k]/
9 slope 1.93 g
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Figure 77. Correlation of peak heat release rates.
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11.11.2 Flux time product method

The flux time product (FTP) method is described by Silcock and Shields (1995). They
correlated the ignition data assuming a power law expression based on physically
consistent dimensionless groups to give the following:

(4o — Gu)"tig = FTP, forn > 1 (215)

FTP is the flux time product, and n is the flux time product index. Rearranging
equation (215) gives:

... FTPVT
qe = qcr + 1/n (216)
tig

This represents a straight line by plotting time to ignition raised to the power 1/n
against the externally applied heat flux. The value of n resulting in the best fit is
determined within the range 1 (thermally thin) to 2 (thermally thick). The FTP, can
then be determined from the slope of the line.

FTP,, = (slope)® (217)

Then for any specified external heat flux, the time to ignition is given by rearranging
equation (215), and this is equivalent to equation (206) with n=1/p.
FTP,

= (218)

9 (qe - qcr)n

The flux time product method does not require the effective thermal inertia to be
determined.
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Appendix A. Format of cone data file

An example of a “.txt" file for including the material cone calorimeter data is given
here. Note that comments are given in bold. They are not part of the file.

"EUMAT6 material”
"Number of HRR Curves”,4
"Heat Flux",25

Input a single heat release rate curve for the material starting from the
lowest external heat flux.

"Number of HRR Data Pairs",20
"sec, kw/m?"
The number of data pairs must correspond to the nhumber given above (20).
0,34.4
554.7
10,64.5
15,63.7
20,53.1
2533.1

Repeat for next heat flux.
"Heat Flux",35
"Number of HRR Data Pairs",27
"sec,kw/m?"
0,44.4
5,953
10,104.7
1591.6
20,76.4
25,62.1

"Heat Flux",50
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"Number of HRR Data Pairs",37
"sec, kw/m?"

0,731

51274

10,128.5

15121.2

20,106

2592

"Heat Flux",75

"Number of HRR Data Pairs",34
"sec, kw/m?"

0,36.1

5735

10,75

15,73.7

20,60.4

2547.8

"Ignition Data"
"Number of Pairs",8
"flux kwym?,ignition time sec, peak hrr kwy/m?"

Number of entries corresponds to number given above (8). Enter lowest to
highest external flux.

25,65,75.2
25,65,64.5
35,35,95.6
35,30,104.7
50,15,151.9
50,10,128.5
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755,854
755,75

If number of pairs is set to zero, the user can enter ignition temperature,
thermal inertia, heat of gasification, area under the heat release rate curve
and critical flux directly as follows.

"Number of Pairs”", 0
"Ignition Temperature”, 740
"Thermal Inertia”, 0.366
"Heat of Gasification”,0.72
"Area under Curve’, 2359
"Critical Flux', 22

If the area under the curve is entered as zero, the area will be automatically
calculated using the rate of heat release curve supplied.
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Appendix B. List of model constants

Table 10. Constants used in B-RISK.

Parameter | Description Value | Units

A plume entrainment coefficient 0.076

Ca discharge coefficient 0.68

Cp specific heat of air at constant pressure 1.005 | kT kg ' K!
g acceleration due to gravity 9.807 | m sec?
Dyt exterior convective heat transfer coefficient 5/ Wm?2K!
M, molecular weight of air 29

Mco, molecular weight of carbon dioxide 44

Meco molecular weight of carbon monoxide 28

Mu,0 molecular weight of water 18

Mo, molecular weight of oxygen 32

My, molecular weight of nitrogen 28

P atmospheric pressure 101.325 | kPa

R Universal Gas Constant 8314.34 | J kol 'K~!
Ruir Gas Constant Air 0.2871 | kT kg ' K!
Ty flame temperature 1250 | K

Te reference temperature of air 288.15 | K

Yo,0o¢ mass fraction of oxygen in ambient air 0.2313

Yeo,x mass fraction of carbon dioxide in ambient air 0.005

Poo reference density of air 1.225 [ kgm™3

m pi 3.14159265

0% ratio of specific heats 14

o Stefan Boltzmann Constant 5.66961E-08 | Wm “K~*
AHg, energy release per mass of air consumed 3[kIgt
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Appendix C. Troubleshooting

1. Error messages upon opening B-RISK

Files may have become corrupted. Use the FILE, NEw command and SAVE command
to reset the default case. Close and reopen B-RISK.

2. Smokeview crashes with B-RISK
Check Smokeview version. Should be 6.0.x or 6.1.x.
3. Convergence errors
These are sometimes difficult to troubleshoot. Some suggestions:

e Try a smaller error control setting (divide by 10).

e Simplify your model. The more rooms and vents you have, the longer the
simulation will take and the more likely there will be convergence errors.

e For European users who normally use the comma as the decimal separator,
you may need to switch to using the period as the decimal separator.
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