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Chapter 1: Introduction and Background

This thesis describes the experimental and analytiethods used to characterize the
heat and smoke release rates of eight differempiend fire sources. These
characterizations are part of a larger effort taleate the current smoke detection
prediction capabilities of the Fire Dynamics SintafgFDS) version 5.1.0. FDS is a
computational fluid dynamics model of fire develagarhbased on the concept of
large eddy simulation; the FDS model is under omgaievelopment at the Building

and Fire Research Laboratory of the National laiof Standards and Technology.

The experimental research for this thesis was padd within the Fire Protection
Department at Underwriters Laboratories, Inc., ortNbrook, lllinois. Computer
modeling was performed at the University of Marga@ollege Park, within the
Department of Fire Protection Engineering in thel&mnes Clark School of
Engineering using the UL Fire Modeling Lab. Theeenputer simulations were
conducted using Fire Dynamics Simulator (FDS) wer&.1.0 and Smokeview

version 5 (McGrattan, et. al., 2007).

1.1 Research Goals

The purpose of this research is to provide guidamceethods to characterize
incipient fuel sources to be used in simulatiorniagi§ire Dynamics Simulator
(FDS), as well as to evaluate the capability of RBDSimulate the relevant

phenomena for predicting smoke detector activatibime specific goals of this

project are as follows.



The initial objective is the development of a psséo characterize both flaming and
smoldering fuel sources for input into FDS. Sulbsgdly, FDS modeling of the
previous process is studied to evaluate the alafithe program to accurately
reproduce the appropriate phenomena. Finallyyaniations between the models

and the initial characterization are quantifieégtaluate the range of accuracy.

1.2 Research Scope

The focus of this research is on flaming and snraidancipient fires from sources
that are common to commercial occupancies. Tlisareh is broken up into two
phases. Phase 1 of the project examines the ¢bastics of each of the fuel sources
chosen for evaluation. Phase 2 of the projectdeswon the validation of the specific
parameters in FDS that will determine the outpuhefmodels. These phases are

developed further in the following subsections.

1.2.1 Phase 1 — Fuel Source Characterization
Each of the eight fuel sources chosen for thisgqatdg characterized under UL’s
IMO intermediate-scale calorimeter, which is basedhe principle of oxygen
consumption calorimetry. Three tests are perforfoeéach fuel source to obtain
replicate data sets. The information collecteduitles mass loss (for flaming
sources), heat release rate (for flaming sourses)ke release rate, smoke particle
size and count, and gas effluents. The fuel packagedesigned to share similar

physical characteristics to how they would be usedanufactured goods.



The flaming tests are performed using various gneel@ ignition sources from
existing fire test standards. For each of thesis tenass loss and heat release rates

are recorded for comparison and input into FDS.

The smoldering fuel sources require a differentrapagh from the flaming packages.
The test apparatus for these fuel sources prevawtmdate measurement of real-time
mass loss rates. However, pre-test and post-taghtvmeasurements of test samples

were recorded for each experiment.

Measurements of environmental conditions are akert during the fire tests. These
measurements include exhaust duct velocity anddesiyre, and room temperature
and humidity. Exhaust duct velocity and temperatare used during the
comparisons of the simulations to the experimefitee room temperature is used to

establish the baseline temperature for the model.

1.2.2 Phase 2 — Model Development and Analysis
Upon completion of Phase 1, a model of UL’s IMCemmhediate-scale calorimeter is
created using FDS and each of the fuel packagéeftescenarios is simulated. A
grid resolution study is performed and the mod@hssrumented similarly to the
original experiment. The data collected from thginal experiments is used to

determine the uncertainty and the level of accuraqguired from these models.



The fuel characteristics determined under the iméeliate-scale calorimeter are used
in the input file of FDS. The eight sources aredeled using a species ID for the
smoke so that the smoke generation can follow tbélgs measured in the IMO
apparatus tests. The inputs for this method irecthe heat release rate profile, or
temperature profile for the smoldering sources, thecsmoke release rate profile.

The mixture fraction model was used initially, winigses the heat release rate, smoke
yield, and heat of combustion as inputs. This etls based on a correlation
between heat release rate and smoke releaselfadeexhaust velocity and room
temperature are also used as initial inputs. faghod does not allow for an

accurate recreation of the phenomena involved wmviipient fire sources due to the

independent nature of the initial smoke product&ative to the heat release rate.

1.3 Thesis Organization

This thesis will first discuss the experimental shaf this project, then the model
development, followed by the data analysis and @ispn between the experimental

and modeling data.

The experimental portion will be discussed in thdeo that it was performed. The
fuel source characterization, including instruméata measurements, calculations,
and procedures will be discussed. Next will bésaldy of the results, followed by a
discussion of these experimental results. Eactioseprovided above is

appropriately divided into subsections for eackhefeight fire sources.



Upon completion of the analysis of the experimergallts, the modeling procedures
will be analyzed. The model configuration, inpatatilations, and output
calculations are discussed separately. The magedsults and comparative analysis

have been combined in this section.

To conclude, a summary of this analysis and a dsou of the performance of FDS
are provided. The general procedures are reitteatd summary charts are provided

to display the trends of accuracy.

The appendix provides additional charts displayalgies produced in the
experimental phase of this project. These valnelside experimental procedures,
exhaust velocities, sample weight and weight Ibeat of combustion, peak heat
release rate, peak smoke release rate, FTIR anddMRi®n ratios, peak carbon
monoxide and carbon dioxide, smoke yield, speeifitnction area, total smoke
release, and total heat release. These valuesrace calculations from the
experimental data. Other data collected duringettperimental work that is not
directly related to this thesis is included helre addition to this data, the input files

used for the modeling phase are provided.



Chapter 2: Fire Source Characterization

The heat and smoke release rates of eight fuetesare characterized through fire
tests performed in the IMO intermediate-scale @aleter located in UL’'s small-scale
fire test laboratory in Northbrook, IL. The eighel sources include shredded office
paper, polyurethane foam wrapped in micro-fiberitafused as a flaming and
smoldering source), printed circuit board, compuatese ABS plastic, ponderosa pine,
cotton linen fabric, and PVC insulated wire. TM{ apparatus consists of a square
skirted hood, 1.22 m on each side, and an exhagsintgeasuring .18 m in diameter.
lllustration 1 shows the layout of the IMO appasaéind the position of the

measurement devices.

IMO Hood Apparatus

Gas Effluents Welocity/Obacuration

T p——

Fabric Curtain

Masz Loss Specimen Holder

lllustration 1 - IMO apparatus.



2.1 Instrumentation

2.1.1 Smoke Characterization
The IMO intermediate-scale hood is instrumentedh \@isampling port near the
entrance of the exhaust duct from the hood. Taisip used to provide smoke
samples to a Model WPS 1000XP wide range particeespectrometer (WPS
spectrometer) and a MIDAC #1 1100 Fourier Transfémimared (FTIR) spectrometer
equipped with a 10 meter path length optical c&he exhaust duct is also equipped
with a light obscuration device to measure optitEisity 2 m from the entrance of

the duct.

The WPS spectrometer characterizes the smoke Ipastee and count by combining
laser light scattering, electrical mobility, anchdensation particle counting
technologies. This produces a measurable sizerfaog 10 to 10,000 nm in
diameter. A 1 L/min sample flow is divided betwdba dynamic mobility analyzer
(DMA) and the light particle spectrometer (LPS)3&velop the size distribution
measurement. The LPS measures patrticles large2®tanm and the DMA
measures particles ranging from 10 to 500 nm. Mreasent sensitivity is limited to
particle concentrations not greater thzw10’ particles/cc (Fabian and Gandhi,

2007).

The FTIR spectrometer characterizes gas effluemiposition using a gas calibration

library to calculate the concentration of the gasstected. It is capable of measuring



600 to 4000 cm wavenumber and has a resolution of 0.5 ¢fFabian and Gandhi,

2007).

The light obscuration device (smoke eye) consiststduygen Corp. Model 856 BB
(Blue Blue) Type 2 photocell and a GE 4405 spotdariihe smoke eye is located 2
m from the entrance of the exhaust duct leadingftiwe collection hood. The total
beam length is 0.6 m with a 0.18 m beam lengthiwitie exhaust duct. The data
collected from this instrument is converted to atinetion coefficient and a percent

obscuration.

2.1.2 Fuel Characterization
The IMO intermediate-scale calorimeter is equippétli an oxygen analyzer and a
load cell. The oxygen analyzer is a Siemens Ox\graatd the load cell, which is
only used for the flaming fuel source packages, kre Testing Technology Limited
load cell assembly. For the smoldering sourc&¥eaesco Model HP1212YX
hotplate is used with a programmable thermostan i@al Controls. A power supply
is needed for the PVC insulated wire test perforehatihg this research. A Sorensen

DCS 60-50 power supply is used for this purpose.

The oxygen analyzer uses a paramagnetic effedteéoglternating pressure method to
measure oxygen levels. This provides reliabledliitg and allows parameterization

of small measuring ranges of 0 to 0.5%. The detedimit is 50 ppm.



The load cell is placed in the center of the hoodl arious platforms have been
fabricated to support the range of fuel sourcesdtasted. The capacity of this load

cell is 2.8 kg with an accuracy of 1 g.

The hotplate used for the smoldering tests is aademModel HP1212YX hotplate
with a 30.4 by 30.4 by 1.3 cm thick stainless sseface used along with a
CAL95B11PAO000 programmable thermostat from Cal @dst This hotplate has a
240 volt, 6480 watt power supply, capable of pradgi¢emperatures up to 815 °C.
The UL 217 hotplate temperature ramp is programmidthis controller and

monitored by a thermocouple imbedded in the hatplat

The Sorensen DCS 60-50 power supply is used onlh&PVC insulated wire test.
This instrument is capable of providing a range@iver from 0 to 60 volts and 0 to
50 amps. It can also be programmed to maintaonéraious current by varying the
voltage to compensate for changing resistance,nikicequired for the PVC

insulated wire test protocol.

2.1.3 Environmental Measurements
In addition to the fuel and smoke instrumentatibleymocouples are located within
the exhaust duct and in the ambient room. A bitimeal probe is located in the

exhaust duct for velocity measurements.



The thermocouple in the exhaust duct is used tsoredhe exhaust gas temperatures
near the smoke eye. The thermocouple in the reamed to measure the initial air

temperature to provide a baseline starting amte&nperature for FDS input.

The bidirectional probe in the exhaust duct is eeBan Model 220CD connected to
a pressure transducer with a range of 1 torr. probe is placed in the center of the
duct to obtain the maximum velocity by convertihg tmeasured pressure
differential. This velocity measurement is use@nsure that the exhaust flow in the

model is similar to the exhaust flow produced i@ #xperiments.

2.2 Experimental Calculations

Heat Release Rate — The heat release rate is calculated based ayeoxy
measurements performed during the tests and thraatkastics of the combustion
process from which the C factor is derived. Thistdr correlates the values
produced from the measurements within the hoodkimoavn value for methane.
This correlated factor is then used in the equdtiothe heat release rate within a
specified range. The C factor is obtained by mgra prescribed flow of methane
under the hood and calibrating the oxygen analizére appropriate values. The
stoichiometric ratio from this calibration is usedhe calculation of the heat release

rate of the materials being tested.

. MW Xon — X
Q = CAH O, [—OZJ rhExhaust o =
IleAir E- (X product,0, xO2 )

Where:
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Q = Heat release rate (kW)

C = Calibration constant (0.91)

AH,, = Air heat of combustion (13,100 kJ/k9
MW,, = Molecular weight of oxygen (32 g/mol)
MW,, = Molecular weight of air (29 g/mol)

m, = Mass flow rate in exhaust duct (kg/s)
Xo,0 =Ambient oxygen mole fraction (0.2095)
Xo, = Oxygen mole fraction in exhaust stream
E = Chemical expansion factor (1.105)

Xep = Stoichiometric expansion factor (1.5)

Extinction Coefficient — The extinction coefficient is derived from theationship
between the voltage output from the photocell seéRhaust duct and the light beam

intensity. For the equipment installed for thesstd, the relationship is linear.

k=2n[ Lo
I I
Where:

k = Extinction coefficient ()

I = 0.18 m (Beam length in exhaust duct)
Iy = Initial clear beam light intensity (mV)

I = Light intensity at time (t) (mV)

Obscuration — Light obscuration is based on the same datheasxtinction

coefficient and can be derived from it.

A=1001-¢™¥)
Where:
A = Percent obscuration (%)
k = Extinction coefficient (i)

11



I = Beam length in exhaust duct (0.18 m)

Smoke Release Rate — The smoke release rate is derived from the etiim

coefficient.
S= KV ey naust Aot
Where:
S = Smoke release rate %)
k = Extinction coefficient ()

Vesae = EXhaust velocity at photocell (m/s)
A.. =0.0248mM

Smoke Yield — The accumulating average smoke yield is caledlay dividing the

extinction crossectional area by the specific etiim coefficient.

Y, =% >
Where:
Y, = Accumulating average smoke yield/¢)
£ = Total smoke @ t/Total mass loss @ t Extinctiooss-sectional area
o = Specific extinction coefficient (8.7 gs)

Velocity — A pressure measurement is made in the exhaashdar the photocell
with a pressure transducer. The pressure readnmegbien converted to velocity.

There is a correction factor required for this aension ; This factor is 0.806.
VExhaust = 080 I:)Tduct
Where:

Veras — EXhaust velocity (m/s)

12



P = Pressure transducer reading (torrs)
T,« = Ducttemperature at time (t) (K)

2.3 Experimental Procedures

2.2.1 Shredded Office Paper
The shredded office paper test arrangement inclacedid metal wastebasket
measuring 35.5 cm tall by 28 cm in diameter atttipeby 22 cm in diameter at the
bottom, standard office paper cut into strips maagus.35 mm wide by 25.4 mm to
101.6 mm long (UL 217), and a fabricated disk tapahe paper to a depth of 10 cm

from the base of the wastebasket.

Shredded office paper, conditioned for a minimun24thours at 22 0.5 °C and 50
+ 5 % relative humidity, with a total weight of 75gplaced loosely into a
wastebasket and then tamped down to approxima@etyriLfrom the base using a
circular disk that covered most of the surfacehefpaper. This procedure is shown
in Figure 1. A 2.5 cm diameter hole is drilledarthe side of the trash can near the

bottom to allow insertion of the TB 604 burner (6§84, 2004), as shown in Figure 2.

The ignition source for this test is the burneretdescribed in TB 604,est
Procedure and Apparatus for the Flame Resistance of Filled Bedclothing. It consists
of a 200+ 5 mm length of stainless steel tube with ani88@M1 mm outer diameter

and a 6.5- 0.1 mm inner diameter connected to a cylinder donimg ultra high

13



purity propane. The stainless steel tube is caeddo a two stage regulator via clear
flexible tubing 2.5 to 3.0 m in length and 2@.0 mm inner diameter. The flame
height for testing is 35 mm when the burner is leddzontally and allowed to burn

freely in air.

Figure 1 — Tamping disk (left). Disk and paper atequired height (center).

Tamped paper (right).
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Figure 2 — 2.5 cm hole for insertion of the TB 608urner.

The prepared wastebasket is placed on top of tekedell on a platform

approximately 24 cm in diameter. The positionha base of the wastebasket is level
with the bottom of the hood curtain to ensure #ibabf the smoke is collected by the
exhaust duct. Prior to test initiation, all instrents are calibrated, the load cell is
zeroed, and all instruments are rechecked. Taieithe test, all recording
instruments are started and the burner is inséedontally 25 mm into the hole

near the bottom of the wastebasket for 5 secomtis. burner is then removed and the
paper is allowed to burn until smoke productiorpstoThis procedure is repeated for

a total of three tests.

15



2.2.2 PU Foam with Micro-fiber Fabric (Flaming)
PU foam with micro-fiber fabric is used to simulatéypical commercial upholstery
assembly. The TB 604 ignition source, the sameiggnsource used for the
shredded office paper tests, is used for this t€hts ignition source is similar to a

butane cigarette lighter flame.

Two blocks of PU foam measuring 20 by 8 by 10 cenvarapped in a 50 by 60 cm
sheet of micro-fiber fabric in the manner showirigure 3 to create a block of
material that measures 20 by 16 by 10 cm. Botleri@ds$ are conditioned prior to
assembly for a minimum of 24 hours at£28.5 °C and 5& 5 % relative humidity.
A foil tray is positioned beneath the specimenmgitesting to contain the liquefied
PU foam. The specimen is placed on the foil tré the 20 by 16 cm side down,

which incorporated the pinned fabric.

Figure 3 — Front view of PU foam block (left). Sid view of PU foam block

(center). Non-combustible straight pins hold fabrt to foam at the base (right).
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The PU foam assembly and foil tray are placed 0r6@ by 0.60 m noncombustible
platform on top of the load cell such that the bafsthe material is at the same height
as the bottom of the hood curtain. Initiation lué test begins with igniting the TB
604 burner and establishing a 35 mm tall flame withburner held horizontally.
Once the flame has been stabilized, all recordistruments are started and the
burner flame is placed against the base of the &iole of the PU foam assembly near
the center for 20 seconds. As the foam liquefrestae micro-fiber fabric burns
away, the flame is kept in contact with the mateadjusting for the deformation
during the 20 second ignition period. Three testse conducted to evaluate test

repeatability.

2.2.3 Printed Circuit Board
The printed circuit board tests use the ATIS T1.84BIS T1.319, 2003) line burner
for ignition. This test is used to determine tine propagation risk of
telecommunications equipment assemblies. In thisdsard, when adjacent printed
circuit boards ignite, the assembly has failedthimtest described below, ignition of

the printed circuit board is intentional.

Two 7.5 by 7.5 by 1.57 mm printed circuit boardaditioned to 23t 0.5 °C and 50

+ 5 % relative humidity for a minimum of 24 hours a@taced 2 cm apart in a vertical
orientation. The line burner is centered 1.5 chowehe PC board assembly,
perpendicular to the PC boards. This setup is showrigure 4 and Figure 5. The
specimen assembly is elevated 2.5 cm off of thégsta of the load cell to

accommodate the location of the line burner. Tine burner valley is 3 cm wide and

17



the valley running parallel to the PC boards is@rbwide. The specimen assembly
is placed such that the PC boards are over them2 %alley. The requirements for
the line burner are described in section 5 of ATIS319. It is constructed of type
304 stainless steel tubing with a nominal 9.5 mamditer and one end welded
closed. Eleven holes, 2.#80.1 mm in diameter, with 13 mm spacing on center ar
drilled through one side of the tube, starting 18 from the welded end of the tube.

Compression fittings are used to connect the bumtre output of the fuel

assembly. Ultra high purity methane is used.

Figure 4 — Specimen assembly placed over the linerdmer on top of the load cell.

Figure 5 — Line burner attached to ring stand.

18



The PC board assembly and line burner are posdiasalescribed above. The

position of the base of the material is approxiya2e5 cm higher than the base of the
hood curtain. To begin this test, the line buiisegnited, and the methane flow is
brought up to 5 scfh to provide a 65 mm flame heigkll recording instruments are
initiated and the flame of the line burner is alémirto burn for 1 minute to stabilize
before the printed circuit boards are placed on fbipe PC boards are placed above the
center of the line burner, oriented perpendicuwahe line burner. The line burner
remains on for the duration of the test becaus®td®oards will not sustain a flame
without an external heat source. The tests areintihsmoke production from the
printed circuit boards stops. This procedure @shin Figure 6. Three tests are

conducted to evaluate test repeatability.

Figure 6 — Line burner stabilizing (left). PC boad assembly at beginning of

ignition (center). Assembly post-smoke productiomvith line burner (right).
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2.2.4 Computer Case ABS Plastic
The computer case material is representative ofniditerials used as external casing
for electronics equipment. The 50 W ignition s@uspecified in UL 94 is used and

the specimen setup is also similar to that spetifidJL 94.

The specimen is 125 mm tall by 13 mm wide by 3.5 thitk and is conditioned for
a minimum of 24 hours at 280.5 °C and 5& 5 % relative humidity. The specimen
is wrapped in a 6 by 15 cm piece of hexagonal wiesh to prevent dripping, which
causes significant inconsistencies with smoke dutpd mass loss readings. The
additional length of hexagonal wire mesh is heldalmfamp and the material is
suspended above the UL 94 bunsen burner. Theftibye durner is positioned 1 cm
from the bottom of the specimen. The specimen stetsip, and test are shown in

Figure 7.

Figure 7 — Computer case specimens (left). Testgp with 20 mm premixed

flame from UL 94 burner (center). Smoke productionduring test (right).
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The ring stand and clamp are placed on top ofdhd tell platform and the computer
case specimen is secured into the clamp. Therapads positioned so that it is
completely vertical. The second ring stand antttdse clamp are placed on top of
the load cell on the opposite side of the specifr@an the other ring stand. The UL
94 burner is clamped onto the ring stand and postd 1 cm from the base of the
plastic strand. The burner is then swung away fileerassembly and the methane
flow is adjusted to 105 ml/min with a backpressoifréess than 10 inches of water. A
20 mm flame is produced and then adjusted until/dtlew tip disappears. The
flame is then re-measured to ensure the propehtesjl recording instruments are
activated and the burner is swung back into placeath the material, approaching
from the wider side. The burner maintains 1 cnmfitbe bottom of the specimen and
remains ignited for the duration of the test. Afyanaterial begins to sag down from
the wire, the burner is pulled down slightly to mtain the 1 cm distance to prevent
the material from getting into the burner tube.réhtests are operated for 5 minutes

until smoke production stops.

2.2.5 PU Foam with Micro-fiber Fabric (Smoldering)
The smoldering test for the polyurethane foam mtbro-fiber fabric uses the UL
217 smoldering smoke test temperature profile haed¥enesco HP1212Y X hotplate.
The material is placed in a 22.8 by 22.8 cm staallmed with foil and then placed

on the heated surface of the hotplate.
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Two blocks of PU foam measuring 20 by 8 by 10 cenvarapped in a 50 by 60 cm
sheet of micro-fiber fabric in the manner showrrigure 3 to create a block of
material that measured 20 by 16 by 10 cm. Botlenads$ are conditioned prior to
assembly for a minimum of 24 hours at£28.5 °C and 5& 5 % relative humidity.

The assembled specimen is then placed in a 2222 Byin. steel pan lined with foil

to protect the hotplate. Additional thermocou@es placed between the pan and the
hotplate and between the foil lining and the paartsure the appropriate temperature
profile. The specimen on the hotplate as welhasmaterial smoldering during the

test and the post-test material condition are shiowigure 8.

Figure 8 — PU foam assembly on hotplate (left). Swidering during test (center).

Posttest material condition (right).

The hotplate surface is approximately level with tottom of the hood curtain to
ensure that the low buoyancy smoke produced frasmstholdering source is
completely collected by the exhaust duct. Theliegins by placing the 22.8 by 22.8
cm tray on the center of the hotplate, slidingddditional thermocouples into

position, and placing the specimen inside of thg.trAll recording devices are
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activated and the proportioning temperature coletrgwitched on when the
recording devices complete the 15 second countddvine. controller has been
preprogrammed to follow the specified temperatucdile from UL 217, which is
shown in Table 1 and Figure 9. This test is penfa in triplicate for a minimum

duration of 4500 seconds with pre-test and postweghts recorded.

Table 1 — Hotplate Temperature (UL 217)

Time (minutes) Hot plate temperature
0 2322°C (73 24°F)
0-3 Increased 60.7°C (109°F) per minute to 205°C (401°F)
3+ Increased 3.2°C (5.8°F) per minute for remainder of test
]
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Figure 9 — Hotplate temperature profile (UL 217).
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2.2.6 Ponderosa Pine Wood
Ponderosa Pine is used in the smoldering smokelé¢siled in UL 217 (UL217,
2006). This test evaluates smoke detector perfoceéor spot-type detectors. The

UL 217 hotplate and temperature profile is usedHa test.

Ten ponderosa pine sticks, free from knots andhpgcare placed in a spoke pattern
on the hotplate so that the sticks are 36 degems.aThe sticks are 7.6 by 2.5 by 1.9
cm with the 1.9 by 7.6 cm side in contact with timéplate. Each stick is conditioned
for a minimum of 48 hours at 52°C (125°F) in anrdaiculating oven. The hotplate,

controller, and stick positioning are shown in FeyaO.

Figure 10 — Hotplate position (left). Proportionirg temperature controller

(center). Ponderosa pine sticks placed in UL 21pske pattern (right).

The hotplate surface is approximately level with Bottom of the hood curtain to
ensure that the low buoyancy smoke produced frasrstholdering source is
completely collected by the exhaust duct. Theigestitiated by placing the
ponderosa pine sticks on the hotplate in the secgpoke pattern, activating all

recording instruments, and switching on the prergned proportioning
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temperature controller. This test is performettiplicate for 6300 seconds with pre-
test and post-test weights taken for each tese sfibks lose most of their original

mass and much of what is left is only char.

2.2.7 Cotton Linen Fabric
The cotton linen fabric test is intended to repnésecloth material such as a napkin
or tablecloth that is too close to a heat sourckbaygins to smolder. The hotplate
described previously is used for this test, with tdmperature profile specified in UL

217.

Two 30 by 30 cm sheets of cotton linen fabric, égboded for a minimum of 24

hours at 23 £ 0.5 °C and 50 * 5 % relative humidirg placed on the hotplate and
smoothed out over the surface. The sheets neavbred the entire heated surface.
The proportioning temperature controller maintalms UL 217 temperature profile.
Figure 11 shows the precut cotton linen fabric,gbsitioning on the hotplate, and the

fabric smoldering during testing.

Figure 11 — Two-ply cotton linen fabric (left). Cdton linen fabric sheets on

hotplate surface (center). Fabric during testingright).
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The hotplate surface is approximately level wité bottom of the hood curtain to
ensure that the low buoyancy smoke produced frasrstholdering source is
completely collected by the exhaust duct. To bégmtest, the two sheets of fabric
are stacked and adjusted so that the edges anersonatch up. They are then
placed on the hotplate, pressed flat and smoothedaross the heated surface. All
recording instruments are started and the propontptemperature controller is
switched on to the preprogrammed temperature profilhe test is performed in
triplicate for a minimum duration of 5400 seconahjch allowed for total
consumption of the cotton sheets. Prior to teseagh set of sheets is weighed and

post-test weight is assumed to be zero.

2.2.8 PVC Insulated Wire
The PVC insulated wire test is representative daflsaproduced from an electrical
overload. This test generally follows the procesdudetailed in NFPA 76 Appendix
B, Performance Test Procedures for Very Early Warning and Early Warning Fire
Detection Systems. The smoke produced from this test simulatestheke that

might be produced during the early stages of aoetenunications fire.

The North American Wire Test is used as the proetbr this test. A1 m
long PVC insulated solid 22 AWG copper wire withadial insulation thickness of
1.1 mm is subjected to a constant current of 28saamgl a varying voltage from 0 to

18 V to compensate for the changing resistancleamire. The wire is conditioned
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for a minimum of 24 hours at 23 + 0.5 °C and 50% $elative humidity, cut to the 1
m length, and no more than 12 mm of insulatioremaved from the ends of the

wire. The wire is placed on a foil covered surfaca manner that prevented kinks or
crossovers that could interfere with the curreqligption. The ends are connected
to a reef bar that is connected to the Sorensen &) power supply through 10

AWG stranded wire. This setup is shown in Figuze 1

Figure 12 — PVC insulated wire (left). Reef bar amnection (center). Sorensen

DCS 60-50 power supply (right).

The foil surface for this test is level with theskaof the hood curtain to limit the
potential for smoke loss from the hood. To begin test, the wire is connected to
the reef bar. The power supply is then switchedmohset to a constant current of 28
amps. The recording instruments are activatediamdoltage is activated to impose
the current. The current is applied for 1 minigetee voltage increases to maintain
28 amps. Data is taken until the wire ceasesddymre any more smoke after the

current is shut off.
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Chapter 3: Experimental Results

The experimental results described in this chagrteproduced from fire tests
performed following the procedures explained in @ba2. These tests were
completed during the summer of 2007 with assistamckprovisions from
Underwriters Laboratories, Inc., in Northbrookindis. The data provided in this
section consists of mass loss (for flaming souocdy), heat release rate (for flaming

sources only), and smoke release rate.

3.1 Shredded Office Paper

The shredded office paper tests are performedddrsgéconds, which allowed for
enough time for the smoke generation to reacheigk @nd return back to zero.

Figures 13-15 show the results for the three rafdit tests.
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Figure 13 — Shredded office paper mass loss.
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Figure 14 — Shredded office paper heat release rate
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Figure 15 — Shredded office paper smoke release eat

3.2 PU Foam with Micro-fiber Fabric (Flaming)

The PU foam with micro-fiber fabric package flamiegt is performed for 640
seconds to capture the complete smoke production fne material. Figures 16-18

show unique characteristics and produce considtaat
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Figure 16 — Flaming PU foam with micro-fiber fabric mass loss.
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Figure 17 — Flaming PU foam with micro-fiber fabric heat release rate.
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Figure 18 — Flaming PU foam with micro-fiber fabric smoke release rate.

3.3 Printed Circuit Board

The printed circuit board test is performed for $4@onds to allow for the material to
be significantly affected by the burner. The P@rds intumesce and do not sustain
ignition without an external heat source. Figut8s21 display data that includes the

contributions of the line burner.
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Figure 19 — Printed circuit board mass loss.
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Figure 20 — Printed circuit board heat release rate
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Figure 21 — Printed circuit board smoke release ra.

3.4 Computer Case ABSPlastic

The computer case ABS plastic test is performe@4d@r seconds to allow for
complete smoke production and affect from the burfidhe computer case material
deforms significantly during the test, which mayé@aaused some of the variations.

Figures 22-24 show the results of the three refjgactests.
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Figure 22 — Computer case ABS plastic mass loss.
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Figure 23 — Computer case ABS plastic heat releasate.
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Figure 24 — Computer case ABS plastic smoke releasse.

3.5 PU Foam with Micro-fiber Fabric (Smoldering)

The smoldering PU foam with micro-fiber fabric pagl test is performed for a
minimum of 4500 seconds to capture the increasalandy of smoke production.

Figure 25 shows the smoke release rate curvebdahtee tests.
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Figure 25 — Smoldering PU foam w/ micro-fiber fabrc smoke release rate.

3.6 Ponder osa Pine Wood

The ponderosa pine wood stick test is performe®4®@0 seconds to capture the full
smoke release rate curve. This test is basedeoldlti217 Smoldering Smoke Test
and is very consistent between data sets. Figush@ws the smoke release rate data

from the three tests.
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Figure 26 — Ponderosa pine smoke release rate.

3.7 Cotton Linen Fabric

The cotton linen fabric test is performed for 6@@@onds to ensure that the smoke

data is completely characterized. Figure 27 shib@smoke release rate curves of

the three tests.

38



0.14

0.12

o
o
©

SRR (m”2/s)
o
o
(o]

oY S R RS I ‘ 1 RN

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000
Time (s)

\—Test 1 —Test?2 Test 3 \

Figure 27 — Cotton linen fabric smoke release rate.

3.8 PVC Insulated Wire

The PVC insulate wire test is unique to this test $t does not have an external heat
source provided by a hotplate and does not genarsigmificant amount of heat

itself. This characteristic means that the smakelypced will not be very buoyant.
This test is only performed for 240 seconds bectusemoke production is quick.

Figure 28 shows the smoke release rate curvebdahtee replicated tests.
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Figure 28 — PVC insulated wire smoke release rate.
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Chapter 4: Analysis of Experiments

4.1 Shredded Office Paper

The shredded office paper test shows similaritedg/ben the tests, but there is some

inconsistency. The primary cause of the inconscstes the flame-through time.

The flame-through time is the time at which the temnsitioned from smoldering to
flaming. This occurs when the smoldering mateatahe base creates enough heat to
ignite the material above it and produce flamesvalibe paper. Figure Zhows the
test before and after flame-through. This eventalao be seen with the peak in the
heat release rate curves showikrigure 14. The flame-through time is significantly
affected by the packing density of the paper. Tharacteristic is not uniform
throughout the assembled package and causes istorges. If the packing density
is low near the ignition orifice, then flame-thrdugccurs earlier; whereas, if it is

high near the ignition source, the flame-througidteto take longer because the
material smolders longer. The effects of this ahtaristic are noted throughout all of

the data presented from these tests.
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Figure 29 — Shredded office paper prior to flame-though (left). Flames present

just after flame-through (right).

The mass loss from the shredded office paper iwstmilar in rate, but differs in

time due to the inconsistent packing density. Mddhe mass is consumed during
these tests and the remaining mass consists af&lfiew remaining strands, and
water residue produced from the combustion. Foh efthe tests, most mass
consumption occurs between approximately 30 secand<.20 seconds as is shown
in Figure 13. In the initial part of this graph, tmaterial does not begin to
significantly burn until approximately 10 secondshis time interval includes the 5
second ignition source application to the baséefmhaterial. The smoke release

rates produced from these tests shows the effébeqgsacking density as well.

The smoke release rate data is consistent in netfuhe heat release rate and the
mass loss data. All tests show that the smokaseleate peaks just before the heat
release rate. This is consistent with the obsematduring testing. The material

initially smolders and produces a significant antaafrsmoke without a high heat
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release rate, followed by flame-through where snokeluction drops and the heat
release rate increases. There is a lag time adsdanith the smoke release rate
measurement based on the distance between thexfjaource and the smoke eye,
the buoyancy produced by the source, and the imdexieaust velocity. Visually,
during the tests, the smoke production is highhelieginning from the smoldering
phenomenon, then, as flame-through occurs, theiaddi heat pushes the smoke up
at a much higher rate and the smoke productioredses. The thermal push created
by the flame-through event has an effect on thesomea smoke release rate. The
smoke release rate is calculated from the extinataefficient produced from the

smoke eye, and the volumetric flow rate measuretth&ypidirectional probe.

The smoke release rate data is showRigure 15. Smoke production peaks from
approximately 50 seconds to 90 seconds throughdatehset and has a rapid
increase and decay. The shredded office paperpgestiuced an average smoke vyield

of 0.091 gg.

4.2 PU Foamwith Micro-fiber Fabric (Flaming)

The flaming PU foam with micro-fiber fabric tesiopluced unique results due to the
thermal response of the polyurethane foam. Inmgénde data is consistent and the

tests were repeatable.

Figure 16shows the mass loss data produced from these fHséstests are almost

identical until approximately 180 seconds whererttagerial begins to melt away

43



from the ignited areas and the mass loss rate bexshlawer. This transition to a
liquid pool fire is unique to this material as ccamgd to the rest of the fuel sources
and is shown ifrigure 30. The fuel package loses approximatel%88f its mass
during the tests and the remaining material comnsiksticky clumps of char and
residue from the PU foam. The remains of the paekage are shown Figure 31.
The initial spike in the mass loss data shown guFe 16 is due to the TB 604 igniter

coming in contact with the load cell. The igniteapplied for 20 seconds.

Figure 30 — PU foam with micro-fiber fabric test transitioning to liquid pool

dominated fire (left). Test dominated by pool fire(right).
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Figure 31 — Remains of PU foam fuel package near @émof test.

The heat release rate curves produced from thetedieow similar traits. Figure 17
shows that each test produces two distinct pe@ke. first peak is reached when the
flames begin to move across the solid fuel packiagéing a significant portion of

the material. The heat release rate then begidedease as the heat output from the
ignited portion begins to melt the remaining matieand allow it to move away

before it can ignite. As the fuel begins to meltvth completely, it transitions to a
liquid pool fire and the heat release rate beginadrease again, creating the second
peak. The heat release rate at this point is higbeause the preheated material is

collected on the foil surface and more of it iseadl burn. The transition to liquid
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fuel dominated combustion begins just after th&t fireat release rate peak at

approximately 180 seconds. This is consistent thighmass loss data.

The smoke release rate follows a similar profiléhtat of the heat release rate. Figure
18 shows these results. The smoke generationtii@nfiuel package is not

significant until after 60 seconds. The flame @ggtion rate is relatively slow in the
beginning as the material is initially of low detiysiwith many air pockets, resulting

in low thermal conductivity. Once a significantrpon of the materials is ignited, the
smoke production increases dramatically. Durirggtthnsition to liquid fuel
dominated combustion, the smoke release rate dageansistently with the mass
loss rate. Once the materials is mostly meltesl héhat release rate begins to increase
as the liquid pools ignite, increasing the mass tase and the smoke release rate
similarly. Significant smoke production occursrfrapproximately 60 seconds until
480 seconds. The PU foam with micro-fiber fabeist$ produce an average smoke

yield of 0.0952 dg.

4.3 Printed Circuit Board

The printed circuit board tests show consistentesmbetween the tests. This
material showed significant reactions during thgitweing of the tests and only minor

changes near the end.

The heat release rate curves produced from thignidade the contributions of the

line burner. The heat release rate from this igmisource is approximately 1.3 kW.
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Figure 20 shows that the PC boards create a pdak ineat release rate just before
60 seconds and then provide a minor contributionitfe remainder of the test. This
small, continual contribution can be associatedh wie propagation of the heat
laterally across the surface of the PC boards. ni&erial intumesces and chars,
closing the 2 cm gap between them. This eventesatie heat from the burner to
become more restricted as it passes through teendbg The material pops and
sparks as it decomposes. FiguresBaws the PC boards after the material has been
significantly deteriorated and the center portioheach board are swollen and
charred. The peak heat release rate from the R@i§osubtracting the line burner
contribution is approximately 1.3 kW. The line ber will remain part of the data for
this fuel package for incorporation into the infple for the modeling portion of this

research.
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Figure 32 — PC boards during testing. Note the clieed bulges from the center

of the boards.

The mass loss data from these tests is showigure 19. The mass loss is consistent
between the tests and shows that the fuel consamgtte is highest from
approximately 20 seconds to 90 seconds. The a@enags loss percentage from the
PC boards is 15.5%. The large spikes at the bagjrof the test data in Figure 19

are from placing the fuel package on the loadaftdlr the 60 second ignition

stabilization time.

The smoke release rates, Figure 21, are conseatenpeak just prior to 60 seconds.

The majority of the smoke production is during tingt two minutes of the test.
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After approximately 180 seconds, the smoke prodads zero, but it is shown that
mass is still being lost. The material continugthé¢ consumed for some time after
the peak smoke output, but did not produce a nagtelof smoke production. The

smoke vyield averaged 0.254g.

4.4 Computer Case ABS Plastic

The computer case ABS plastic test results in sdate that is below the accuracy of
the instrumentation. The graphs presented indbelts chapter show the
complications. Some instruments would not regiatgr changes and therefore, some

data may seem to be missing from the graphs.

The mass loss from these tests ranged from appadeiynl.4 g to 2.6 g. This
eguates to an average mass loss percentage okapately 18.2 %. All mass loss
profiles in Figure 2become constant after approximately 130 secontie. data

shows that mass loss stopped after this point.

The heat release rate curves in Figurasl23wv that the heat output including the
contribution of the 50 W burner is below the accyraf the IMO intermediate-scale
calorimeter. Test 1 does not produce data, tasid23 show that the heat release rate
is nearly constant at just below 0.4 kW until 188ands where test 3 drops to below

0.1 kW.
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The smoke release rate data provided in Figurgh®4vs that tests 2 and 3 are
consistent and test 1 produced less smoke. Th@nisistent with the mass loss
trends. Test 1 is produced less smoke and loseds¢ amount of mass because the
material began to drip during testing and the bulhael to be moved to avoid
contaminating the burner tube or extinguishingftaeme. The smoke production
from the computer case ABS plastic tests is shawFigure 33. The smoke release
rate for tests 2 and 3 peaks approximately befafeseconds. Smoke production

returns to zero after 240 seconds for all tests.

Figure 33 — Computer case ABS plastic smoke produon.
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The smoke yield average is 0.964gg This is very high compared to typical smoke
yields. The cause for this is that the measuresbkrass is very low, but the smoke
production is high. The accuracy of the load =21l g and therefore the calculation
of the smoke yield is not valid. A smoke yieldsthigh would suggest that the

material is simply vaporizing, which is not the €as

4.5 PU Foamwith Micro-fiber Fabric (Smoldering)

The smoldering test for the PU foam with micro-fifebric produced consistent data.
The carbon monoxide and carbon dioxide data fas 2s&nd 3 are incomplete due to

an instrument malfunction.

The smoke release rate from these tests, Figureh®Bys that significant smoke
generation does not occur until approximately 286€bnds. At this point, the smoke
release rate continues to rise and peaks at appabeiy 3700 to 3800 seconds. The
material is left very brittle as is shown in th@pedures chapter. The smoke release
rate is low compared to the flaming tests, butl tat@aoke generation is significantly

higher. Test 3 is lower than Test 1 and Test fdilows the same profile.

4.6 Ponderosa Pine Wood

The ponderosa pine tests are consistent and shalarsirends between tests. Test 1

shows slightly higher values for some of the datd,remains similar.
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The smoke release rate of smoldering ponderosabeigis much earlier than the PU
foam package. Figure ZBiows that the smoke release rate begins to irecress

500 seconds. This curve peaks near 4000 secoddbemfalls dramatically to a
point where it plateaus for a bit and then continieedecrease. This trend is shown
in each of the data sets in Figure 26. The tatalk®e produced during this test is

approximately 182 f

4.7 Cotton Linen Fabric

The cotton linen fabric test shows two peaks, sintib the flaming PU foam
package, but not nearly as dramatic. The dualgaeknoticeable in the smoke

release rate, the particle count density, and d@neomn monoxide production.

The smoke release rate begins to increase neae2ddds and creates a primary
peak near 2600 seconds. This peak is caused gvilee sheet deteriorating and the
upper sheet shriveling upward and moving away ftieenheated surface. As the
sheets begin to heat up, they begin to produce sran#t deform. As they deform, a
majority of their surface loses contact with thateel surface and the smoke release
decreases temporarily. This is showifrigure 27. As the hotplate temperature
continues to rise, the lower sheet becomes sigmifig charred and the upper sheet
begins to decompose under the higher heat. Né&fr &onds, the upper sheet
rapidly smolders, creating the peak that is seaghigngraph. The material is
eventually completely consumed and small pileshairecemain. The shriveled upper

sheet and the post-test remains are shovgire 34. Figure 35hows the mid-test
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decomposition of the lower sheet as compared topper sheet. The lower sheet is
significantly more decomposed and is almost corepletonsumed by the time the

upper sheet begins to rapidly decompose.

Figure 34 — Cotton linen fabric upper sheet shrivedd (left). Note the darker

valleys where it remains in contact with the hotplée. Post-test remains (right).
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Figure 35 — Upper sheet (top) and lower sheet (batn) shown in mid-test

conditions.

4.8 PVC Insulated Wire

The PVC insulated wire test is unique to the smatdgetests in that it is of short

duration and has no significant heat source.

The smoke release rate data is providefigure 28. Smoke generation does not

begin until after 60 seconds. At this point itichpincreases, creating a peak in the

smoke release rate data that is consistent inamdeduration for the tests. The
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magnitude of smoke release rate is significantijhér in test 2 and test 1 is the
lowest. Smoke production occurs for approximai€l9 seconds. The buoyancy
characteristics of the smoke are very low. Theenoant is laminar and slow. This

is shown in Figure 36.

Figure 36 — PVC insulated wire laminar smoke prodution.
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Chapter 5: Modeling of Test Data

The software used for this modeling is Fire Dynan@anulator (FDS). FDS is a
Computational Fluid Dynamics (CFD) model of firawén fluid flow (McGrattan, et
al., 2007). This model numerically solves the MaBtokes equations with an

emphasis on smoke and heat transport from fire${fditan, et al., 2007).

Common applications of FDS include fire reconsinrctsprinkler and detector
activation studies, smoke transport analysis, anddmental fire dynamics and
combustion studies. With the data produced in @hasf this project, the
calculations performed by FDS will be studied anthpared to the results of the
IMO intermediate-scale calorimeter tests. The $atnan performed in FDS will be
based on the IMO intermediate-scale calorimeteredsions and instrumentation.
Fuel characteristics such as smoke yield, heabwibtistion, and heat release rate

will be used as inputs for the FDS simulation gsrapriate.

5.1 Model Configuration

For these simulations, the IMO intermediate-scalerameter is modeled as closely
as possibly under the constraints of the chosehsige. The dimensions of the IMO
intermediate-scale calorimeter are the basis ®thmain characteristics of the

model.

A grid resolution study has been performed andytitesize that will be used for this

model is 2.5 cm. Using a smaller grid cell sizé/gmovided a slight increase in data
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resolution with a significant increase in physisahulation run time. A large grid
cell size did not provide an appropriate level afadresolution. Accordingly, the
dimensions of the IMO in the model are within 25 of the actual physical
dimensions of the apparatus at Underwriter’s Latooies. The height of the hood
specified in the model is 1.25 m; the length orheside is 1.15 m. The exhaust duct
is connected to the top center of one of thesessadd measures 2.5 m long. The
duct is 0.15 m by 0.15 m wide of free flow dimemsidl he area of the duct in the
model is 9.4 % smaller than the physical duct duthé¢ constraints of the grid. The
duct is 2.5 m long to allow for proper instrumestdtions. To compensate for the
variation in duct size between the model and th® lidsts, the model specifies a

volume flux to maintain the same flow past thenmstentation.

The instrumentation is also closely modeled. Camnonoxide, carbon dioxide,
extinction coefficient, oxygen mass fraction, andtsdensity are measured near the
entrance of the exhaust duct for simulations umegmixture fraction model. The
light obscuration measurement, as well as a vglocgasurement, is taken 2 m from
the entrance of the exhaust duct. Thermocouples been placed above the fuel
source to monitor the plume temperatures. Thesenibcouples were not in place
during fuel characterization in Phase 1 becauskeoVariation caused by the exhaust

duct velocity.

The environmental aspects of the room have alsp taé@n into consideration. The

ambient temperature of the room, 25 °C, has beed as an input into the model.
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The exhaust velocity is represented by specifyinglame flux within the model at
the end of the duct. The exhaust velocity is d#ife for each of the tests performed
and is uniquely specified for each model. The detep model is shown in Figure

37.

Figure 37 — IMO intermediate-scale hood in FDS.

5.2 Model Input Calculations

All of the 8 sources are modeled using a specig®ifhe smoke so that the smoke
generation can follow the profiles of the IMO test$he smoke generation for some
of the flaming sources did not correlate directiyfwthe heat release rate. When

using the mixture fraction model in FDS, the smolease rate is dependent on the

heat release rate and therefore may not follovagipropriate profile from the IMO
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tests. Specifying the smoke as a separate spes the model to ramp the smoke
and heat independently. This method is also usethé smoldering models where
there is no significant heat release but simplyndaced temperature from the

hotplate.

Using the mixture fraction model requires inputsirthe IMO tests such as the
average soot yield, the heat of combustion, andhéla¢ release rate ramp. The soot
yield and heat of combustion are averaged ovethitee tests to obtain a
representative value for the model. The heat seleate ramp follows the profile of
one test that is representative of the middle eftést data and shows characteristics
that are found in each test. The flaming polyuaathfoam with micro-fiber fabric
source was simulated using the mixture fraction ehémr comparison to the species

ID method.

The flaming sources modeled with the species IEhotdo not use the mixture
fraction model, but a heat release rate ramp isispe along with a mass flux ramp
corresponding to the smoke release rate profites the IMO tests. The smoldering
models use the temperature profile specified in2QL to create buoyancy and the
mass flux ramp for the smoke release rate, sirtoléine flaming sources. The mass
flux ramp is developed by converting the unitstef smoke release rate to units of
mass flux. Then the maximum value is multipliedabyalue from zero to one to

specify the mass flux at a given time to follow thvefile of the smoke release rate.
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The smoke is then injected into the domain viard teat is on the top surface of the

source material. Below is the calculation for thass flux curve.

L

m' =
Aent
Where:
m’ = Mass flux (kg/ms)
SRR = Smoke release rate {fs)
o = 8700 (ni/kg)
A.. = Fuelsource vent area for smoke injectiof)(m

The exhaust velocity is based on an average difir@é tests and is then converted to

a volume flux and created by a vent at the enti®keixhaust duct.

5.3 Model Output Calculations

Heat Release Rate — The heat release rate is measured directly & iRl flaming
source models. The smoldering source models dpmeduce a significant heat

release.

Duct Velocity — The exhaust duct velocity is measured 2 m froenrtket at the hood.

This is a direct calculation of FDS.

Extinction Coefficient — The extinction coefficient is calculated fromiaslated
measurement of the species obscuration taken idutienear the original

obscuration measurement from the actual IMO hoHus calculation is unnecessary
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when the mixture fraction model is being used bsedtDS provides a direct
measurement of the extinction coefficient. Whelawdating the extinction
coefficient, the experimental exhaust duct diamisteised to compensate for the
difference in diameters between experimental amailsited domains. This
correction removes the variation in the relatiopdtetween the simulated data and

the experimental data when converting from obsaumab extinction coefficient.

o _ In(l— %00)

Where:
k = Model extinction coefficient (i)
A = Percent obscuration (%)
X = 0.18 m (Experimental exhaust duct diameter, Bpath length)

Obscuration — The beam obscuration measurement is directbutzked in FDS.

Smoke Release Rate — The smoke release rate can be derived fromxirecgon
coefficient and the appropriate volume flux spedfin the input file that is unique to

each fuel source.

S = kVExha.ust
Where:
S = Smoke release rate %)
k = Extinction coefficient (i)

Ve = Volume flux at simulated measurementigh
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5.4 Model Results and Analysis

5.4.1 Shredded Office Paper
The figures below show the results from the shrddifice paper model in
comparison to the data from the IMO tests. The@dis modeled as a 30 by 30 by
45 cm tall volume with a 30 by 30 cm vent on togptovide the represented heat and

smoke production.
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Figure 38 — Shredded office paper heat release rate
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Figure 43 — Shredded office paper total smoke.

Figures 39-42 show that the Species ID method fegetiis model creates lag
between the input (Test 2) and the output (Mod®iieasurements related to the
species. Figure 38 shows that the heat releaseloats not follow this trend and the
input and output for the model are identical. Thgis created by the lack of
correction for transport lag in the experimentabsweement. The time of
experimental measurement is used as the timeeadselfrom the fuel source. This
lag is simply the transport time from the fuel smuto the measurement point within
the duct. The heat release rate data has corrigtétke transport lag in the
experimental data. A review of the data and thgeermental setup showed that the

transport lag in the experimental phase was apprataly 15 seconds.
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Figure 39 and Figure 40 show the extinction cogffitand the obscuration. The
obscuration is a direct calculation from FDS areleltinction coefficient is derived
from these values. The peak values and profileslaown to be similar to the

experimental inputs.

Figure 41, Figure 42, and Figure 43 are all catealdrom the extinction coefficient
calculation and the velocity derived from the votiftux value in the input file. The
lag and difference in peak values between the iapdtthe output of the model is
shown in these three figures. The model outpupit 15 seconds behind the input
and this is translated through each of the figufagure 41 shows that the peak
smoke release rate output does not accuratelydepeahe peak specified by the
input. The peak from the input is short in dunatamd the transport phenomena in
FDS may have diluted this value prior to the poihsimulated measurement. Figure
43 shows that the total smoke produced in the misd&l.6 ni, whereas Test 2
produces 45.4 fn The model produces 4.8 % more smoke than theketst. The
smoke release rate curve specified for this madeywn in Figure 42, produces a
total smoke of 47.99 fn The output is 0.81 % less than the specifiedtinfhe lag
between the smoke species input and output is iassdavith the transport lag from

the source to the measurement within the exhawst du

5.4.2 PU Foam with Micro-fiber Fabric (Flaming, Mixe Fraction Model)

Figures 44-47 show the results from the flamingf&aum with micro-fiber fabric

model in comparison to the data from the IMO teStse source is modeled as a 20

66



by 15 by 10 cm tall volume with a 20 by 15 cm venttop to provide the represented

heat and smoke production using the mixture fraathmdel within FDS.
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Figure 44 — Flaming PU foam with micro-fiber fabric heat release rate.
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Figure 46 — Flaming PU foam with micro-fiber fabric obscuration.

68



0.6

SRR (m”2/s)

——

0 60 120 180 240 300 360 420 480 540 600
Time (s)

\—Test 1 —Test2 —Test3 —Model\

Figure 47 — Flaming PU foam with micro-fiber fabric smoke release rate.

The data displayed in these figures is derived fdimact measurements made by
FDS, with the exception of the smoke release reging the mixture fraction model.
This is the only source that was successfully meaieking this procedure. The fuel
source does not smolder at any point during thteatas$ maintains a relatively
dependable relationship between heat releasendtsraoke release rate. This
relationship is the foundation for smoke produciioirDS as shown below. The
smoke yield and heat of combustion are inputstimomixture fraction model and

the heat release rate is specified as a ramp amftllowing Test 2 of the IMO tests.
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S = Smoke release rate %)
Y, = Smoke Yield (gg)
0 = Heat Release Rate (kW)

AH_ = Heat of Combustion (kJ/g)

c

Figure 44 shows that the heat release rate ougiilar to the model input. The
output deviates near the end of the test but imanar that is closer to the actual test

than the model input.

Figure 45, Figure 46, and Figure 47 show the ettinacoefficient, obscuration, and
smoke release rate. These measurements remalardioniest two during the initial
increase in smoke production, but then begin tiedifThe extinction coefficient
from the model peaks after the first peak and leefioe second peak from the IMO
test. The maximum extinction coefficient produdesn the model is approximately
20 % higher than Test 2. The decrease in extincazfficient is also slower at the
end of the simulation. These variations show ihectildependence of smoke
production to the heat release rate. The extinaaefficient and smoke release rate

in the model closely follow the specified profiletbe heat release rate.

The model obscuration, Figure 46, is not as defagethe curve in Test 2. The peak
obscuration is approximately 8 % lower than Teahd the slower decline near the
end of the simulation agrees with the smoke depsryden heat release rate for the

mixture fraction model.
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Figure 47 shows that the smoke release rate c&cleom the extinction coefficient
measured in the simulation deviates after the fiestk in Test 2. The total smoke
produced in the model is 108.3 mwhereas Test 2 produces 84.2 rithe model

produces 28.6 % more smoke than the actual test.

5.4.3 PU Foam with Micro-fiber Fabric (Flaming, $@s ID Method)
Figures 48-53 show the results from the flamingf&am with micro-fiber fabric
model using the Species ID method in comparisdhdalata from the IMO tests.
The source is modeled as a 20 by 15 by 10 cmdédiwe with a 20 by 15 c¢cm vent on

top to provide the represented heat and smoke ptiodu
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Figure 48 — Flaming PU foam w/ micro-fiber fab. heairelease rate, SPEC ID.
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Figure 50 — Flaming PU foam w/ micro-fiber fab. obsuration, SPEC ID.
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Figure 53 — Flaming PU Foam w/ micro-fiber fab. toal smoke, SPEC ID.

The data displayed in these figures is produceagusie Species ID method.
Throughout these figures, a lag is evident betvitkermodel input and output. The
input for this model is based on Test 2. Thisdag be attributed to the uncorrected
experimental data. The lag time between actuaksmatput and measurement in
the experimental part of this project has not bemmpensated. Therefore, the time at
which the smoke characteristics develop at the wetiite model is the delayed
measurement time in the experiment. The lag timeeiat release rate, Figure 48,

was automatically compensated for by the data attqpn system at UL.
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Figure 48 shows that the heat release rate owg@imilar to the model input. The
output deviates near the end of the test but imanar that is closer to the actual test

than the model input.

Figure 49, Figure 50, and Figure 51 show the ettinccoefficient, obscuration, and
smoke release rate. These measurements remalardiniest two throughout the
simulation. The lag time and a slight inabilityrtatch the peak values can be noted
as the significant deviations. The extinction &cednt from the model peaks slightly
after the first peak and the second peak fromM® test. The maximum extinction
coefficient produced from the model is approximateB % higher than Test 2. This
deviation is also representative of the obscuralifference between the model and
the experimental data from Test 2. The smoke seleate curve produced by the

model remains less than the maximum scatter of gs¢ 2 data.

Figure 52 shows that the smoke release rate ofdpttie model is lower than the
model input peaks. The initial increase in smaksimilar in rate of rise, but peak
values and peak times differ. The peak time diffiee is caused by the uncorrected
experimental data. Figure 53 shows the total srwakeées produced from the model
in comparison to the model input and Test 2. Thal smoke produced in the model
is 80.25 M, whereas Test 2 produces 84.2% riihe model produces 4.7 % less
smoke than the actual test. The smoke releaseuate specified in the input file for
this model produces a total smoke of 84.87 ifhe output is 5.4 % less than the

specified input. These small differences are chbyehe simplification of the actual
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smoke release rate curve into an input curve, #isas¢he possible influences of the
mixture fraction model due to the use of a heaase rate in the input file. Using a
heat release rate automatically invokes the mixtaetion model which inputs
standard combustion gases into the domain. Thigiad of gases may have an

affect on the smoke species being injected intaltmeain.

5.4.4 Printed Circuit Board
Figures 54-59 show the results from the printeduiiboard model in comparison to
the data from the IMO tests. The source is modated 2.5 by 7.5 by 7.5 cm tall

volume with a 2.5 by 7.5 cm vent on top to prowide represented heat and smoke

production.
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Figure 54 — Printed circuit board heat release rate
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Figure 55 — Printed circuit board extinction coeffcient.
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Figure 56 — Printed circuit board obscuration.
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Figure 59 — Printed circuit board total smoke.

The data displayed in these figures is produceagusie Species ID method. The lag
between the input (Test 2) and the output (Mod®inieasurements related to the
species is caused by the uncorrected lag time iassdavith the experimental data
acquisition. Figure 54 shows that the heat releaigedoes not follow this trend and
the input and output for the model is similar. Teat release rate curve from the
experimental data shows a continuous influence ftmline burner. This is

reflected in the input for the simulation to makaloyancy effects.

Figure 55, Figure 56, and Figure 57 are all derivedh the simulated measurement
of obscuration within the modeled exhaust ducte THg and difference in peak

values between the input and the output of the imed#own in these three figures.
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The model output is up to approximately 12 secdratsnd the input and this is
translated through each of the figures. Figurstdivs that the peak smoke release
rate output in the model is approximately 15 % loth@n the specified value in Test
2. Figure 58 clearly shows the lag between inpdt@utput of the model associated
with the transport lag from the source to the meament from the uncorrected

experimental data. The difference in peak valueatso be noted here.

Figure 59 shows the total smoke produced in theainasiwell as Test 2. The total
smoke produced in the model is 19.97 mhereas Test 2 produces 20.3 rithe
model produces 1.6 % less smoke than the actual Tee smoke release rate curve
specified in the input file for this model produeetotal smoke of 19.95m The

output is 0.1 % more than the specified input.

5.4.5 Computer Case ABS Plastic
Figures 60-65 show the results from the computse éBS plastic model in
comparison to the data from the IMO tests. The@dis modeled as a 2.5 by 2.5 by
12.5 cm tall volume with a 2.5 by 2.5 cm vent op to provide the represented heat

and smoke production.
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Figure 61 — Computer case ABS plastic extinction edficient.
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Figure 62 — Computer case ABS plastic obscuration.
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Figure 63 — Computer case ABS plastic smoke releasse.
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The Species ID method is used for this simulatidhe lag associated with the
uncorrected experimental data can again be ndtldre is also a difference in peak
values as well. The peak values produced in theetare slightly higher than the

model input and the experimental data.

Figure 60 shows that the heat release rate outpunt the simulation is identical to
the input. The heat release rate from this sowalower than the accuracy of the

IMO intermediate-scale hood, so 0.4 kW is specif@edreate buoyancy.

Figure 61, Figure 62, and Figure 63 are all deriiveth the simulated measurement
of obscuration within the modeled exhaust ducte ey and difference in peak
values that has been noted in each model is showrese three figures. The model
output is up to 18 seconds behind the input arglishtiranslated through each of the
figures. Figure 63 shows that the peak smoke seleate output in the model is
approximately 8 % higher than the specified valu&est 2. Figure 64 shows the
relationship between the model input and outpute g can be noted, as well as the

higher peak output values

Figure 65 shows the total smoke produced in theeinaslwell as Test 2. The total
smoke produced in the model is 20.6 mhereas Test 2 produces 19.1 rihe

model produces 4.7 % more smoke than the actual Té& smoke release rate curve
specified in the input file for this model produeetotal smoke of 19.17n The

output is 4.3 % more than the specified input.
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5.4.6 PU Foam with Micro-fiber Fabric (Smoldering)
Figures 66-70 show the results from the smoldelAbdgoam with micro-fiber fabric
model in comparison to the data from the IMO tedtee source is modeled as a 20
by 15 by 10 cm tall volume with a 20 by 15 cm venttop to provide the represented
smoke production using the Species ID method. hEa is provided by a 30 by 30

cm hotplate surface, modeled as a vent, belowdhecs.
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Figure 66 — Smoldering PU foam w/ micro-fiber fabrc extinction coefficient.
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Figure 67 — Smoldering PU foam w/ micro-fiber fabrc obscuration.
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Figure 68 — Smoldering PU foam w/ micro-fiber fabrc smoke release rate.
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The smoldering PU foam with micro-fiber fabric soeiproduces repeatable trends.
It is complicated to model smoldering sources inggal due, in part, to the length of
time required to run the simulation. The lag frbre uncorrected experimental data

is not as noticeable when based in a time scdlengsas this one.

Figure 66, Figure 67, and Figure 68 extinction fioeint, obscuration, and smoke
release rate, respectively, show the smoke chaistate from this simulation
compared to the IMO tests. The extinction coedfitiand smoke release rate are
calculated from the simulated measurement of tisewtation in the model. The
profiles for each of the model calculations areilsinto the input (Test 2). The
model tends to slightly lag Test 2 prior to thelpaad then begins to lead the
experimental data for a brief moment. This is shdwFigure 68. The rate of
increase, peak, and rate of decay of the smokaselate is nearly identical, on this
scale, to the experimental data and the model isgen in Figure 69. The peak
smoke release rate in the model is approximatétytigher than Test 2. The
resolution of the smoke release rate curve is mesblved in the output data from the
simulation. Figure 69 shows the comparison betwkemodel smoke release rate
input and output. The output shown in this graphagally lags the input slightly,

which is consistent with the uncorrected lag fréva ¢xperimental data.

Figure 70 shows the total smoke. The total smo&dyred in the model is 39.5¢m
whereas Test 2 produces 40.19near the end of the test at 5000 seconds. The

model produces 1.5 % less smoke than the actual Té® smoke release rate curve
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specified up to 4700 seconds for this model proslac®tal smoke of 38.39°mThe
model output at 4700 seconds is up to 37.21, wisi®1% less than the specified

input.

5.4.7 Ponderosa Pine Wood
Figures 71-75 show the results from the ponderasamodel in comparison to the
data from the IMO tests. The source is modeleal B by 10 by 2.5 cm tall volume
with a 15 by 10 cm vent on top to provide the reprded smoke production using the

Species ID method. The heat is provided by a 38tgm hotplate surface, modeled

as a vent, below the source.
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Figure 71 — Ponderosa pine extinction coefficient.
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Figure 72 — Ponderosa pine obscuration.
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Figure 73 — Ponderosa pine smoke release rate.
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Figure 74 — Ponderosa pine model input and output.
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The ponderosa pine test requires a simulationinu@ of approximately 6000
seconds to capture the phenomenon. This test ighky hepeatable in the

experimental phase of this project.

Figure 71, Figure 72, and Figure 73 show the snablegacteristics produced in the
simulation. The relationship between the modepouand input is similar

throughout each of these figures. The model inpabnfigured to represent Test 1 of
the experimental data. The input rate of increaskdecay is recreated well by the
simulated measurement in FDS. Generally, the ald#igs the input, which is caused
by the uncorrected lag time in the experimentah ddthis is shown in Figure 74.

The peak value in the smoke release rate outpligistly lower than the specified
input. The smoke release rate output, when cordparthe data from Test 1 is
approximately 8 % less than the absolute maximuenfram the experimental data.

The model output peaks at 0.148snwhereas Test 1 peaks at 0.161sm

The total smoke produced in the model is 1835whereas Test 1 produces 180.15
m? at the time that the model ended. The model mresld.9 % more smoke than the
actual test. The smoke release rate curve speddrehis model produces a total
smoke of 186.51 frat the time that the model ended. The outputd®4 less than

the specified input. The total smoke curves aowiged in Figure 75.

5.4.8 Cotton Linen Fabric

Figures 76-80 show the results from the cottomlifadoric model in comparison to

the data from the IMO tests. The source is modased 30 by 30 cm vent to provide
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the represented smoke production using the SpHgiegethod. The fuel source and
hotplate surface have been modeled as the sama dbto the low thickness of the

cotton linen fabric source.
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Figure 76 — Cotton linen fabric extinction coefficent.

93



Obscuration (%)

SRR (m”2/s)

18

16 i

14

12

10

L a D L

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000
Time (s)

\—Test 1 —Test2 —Test3 —Model\

Figure 77 — Cotton linen fabric obscuration.
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Figure 78 — Cotton linen fabric smoke release rate.
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Figure 80 — Cotton linen fabric total smoke.
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The cotton linen fabric test requires a minimumudation run time of 5700 seconds
to capture the phenomenon. The rates of rise aoaydare similar throughout the

graphs with some discrepancies in peak values.

Figure 76, Figure 77, and Figure 78 show the snablegacteristics produced in the
simulation. The extinction coefficient and obsdima peak values are less than the
value produced in Test 1 by approximately 12 %is Télationship is not carried over
to the smoke release rate data. The maximum sneté@se rate from Test 1 is
0.0839 /s and 0.0822 fits from the model output. The model peak valueniy o
2.03 % less than Test 1. The resolution of thekemelease rate from input to output
can be clearly seen in Figure 79. The model réesdghe specified input curve

throughout the simulation.

The total smoke produced in the model is 43.48whereas Test 1 produces 42.83
m? at the end of the simulation run time. The mqueHuces 1.3 % more smoke
than the actual test. The smoke release rate speafied for this model produces a
total smoke of 43.76 fn The output is 0.87 % less than the specifiedtinhe total

smoke curves are displayed in Figure 80.

5.4.9 PVC Insulated Wire
Figures 81-85 show the results from the PVC insdlatire model in comparison to
the data from the IMO tests. The source is modased 2.5 by 2.5 by 100 cm long
volume, placed in a square shape with the top seidpecified as a vent to provide

the represented smoke production using the SpHgissethod.
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Figure 82 — PVC insulated wire obscuration.
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Figure 83 — PVC insulated wire smoke release rate.
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Figure 84 - PVC insulated wire model input and outpt.
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Figure 85 — PVC insulated wire total smoke.

The PVC insulated wire is a unique smoldering selxecause it does not use a
hotplate and has little heat generation of its owhe heat generation of this
specimen produces very little buoyancy in the snjdene. The amount of smoke
produced during the IMO tests is small compareith¢oother sources and the overall
time this test is performed is short. The lackwbyancy causes issues with smoke
travel up to the measurement point in the exhawst dThe smoke tends to mix more
in the hood prior to traveling up into the exhaslsft. This causes the lag time from
the uncorrected data to be magnified and the dvaralke characteristic values are

lower due to mixing.

99



Figure 81, Figure 82, and Figure 83 show theseat@anistics. The smoke species
within the model is based on the Test 3 smoke seleate curve. The profile of this
test is not recreated in the model due to the ddidduoyancy. The profiles from the
model lag behind and do not reach the approprieéig Figure 84 shows that the
model peak time is 33 seconds later than the iopite when no natural buoyancy is
present and the smoke release rate value is appatedy 31 % less than Test 3. If
buoyancy is introduced into the simulation simttathe smoldering sources that use
a hotplate, the recreation of the input curve aest B is significantly more accurate.
The lag time from the uncorrected experimental temaains, but the profiles from
the experimental data are matched in the modelubuaigta. The introduction of
buoyancy into this model improves the accuracy,dogs not represent the

phenomena of the experimental tests.

Figure 85 shows the total smoke produced in theainedhout induced buoyancy is
2.39 nf, whereas Test 3 produces 2.52an180 seconds. The model produces 5.2 %
less smoke than the actual test. The smoke retatseurve specified for this model
produces a total smoke of 2.43.nThe output from the model is 1.6 % less than the
specified input. This indicates that all of theodkm is being collected by the exhaust
duct, and that the total smoke calculated is witharealm of accuracy that the other

specimen models produced.
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5.5 Discussion of Results

5.5.1 Smoke Characteristics Range of Accuracy
The smoke characteristics produced in FDS can beaited by the user by
specifying a species injection with a SPEC ID liogepresent the smoke, or they can
be calculated independently of the user by enalthegnixture fraction model and
specifying a heat of combustion and a smoke yiélde Species ID method has been
used for all of the fuel sources in this projeatdngse the smoke production for these
incipient and smoldering sources does not corrglalewith the heat release rate.
This correlation is the foundation of the mixturadtion model in FDS. A summary
of the input and output values of the smoke pradacire shown in the Tables

below.

Table 2 — Total Smoke Variance

Fuel Source | Model Output to Input | Model Output to Test
Flaming

Shredded Office Paper -0.8% 4.8%

PU Foam with Micro-

fiber Fabric -5.4% -4.7%

Printed Circuit Board 0.1% -1.6%

Computer Case ABS

Plastic 4.3% 4.7%
Smoldering

PU Foam with Micro-

fiber Fabric -3.1% -1.5%

Ponderosa Pine -1.6% 1.9%

Cotton Linen Fabric -0.9% 1.3%

PVC Insulated Wire -1.6% -5.2%
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Table 3 — Peak Smoke Release Rate Model Input v. el Output

Fuel Source Peak Value Peak Time
Input Output | Difference] Input Output [ Difference

(m"2/s) | (m"2/s) (%) (s) (s) (s)
_Flaming
Shredded Office Paper| 0.990 0.846 -14.5 84 100 16
PU Foam with Micro-
fiber Fabric 0.484 0.449 -7.2 315 326 11
Printed Circuit Board 0.491 0.416 -15.3 52 56 4
Computer Case ABS
Plastic 0.226 0.265 17.3 115 134 19

Smoldering

PU Foam with Micro-
fiber Fabric 0.062 0.065 4.8 3850 3834 -16
Ponderosa Pine 0.142 0.148 4.2 4006 4036 30
Cotton Linen Fabric 0.081 0.082 1.2 5220 5198 -22
PVC Insulated Wire 0.091 0.064 -29.7 65 98 33

Table 2 shows the total smoke variations betweemtbdel output and the model
input and represented test. The values showrdoniig PU foam with micro-fiber
fabric are for the species ID method only. Thetome fraction simulation for this
source is not shown. The total smoke values remdimn approximately 5 % of the
experimental values and the specified input valudse smoke release rate curve is
accurately reproduced in FDS to create the sansslef smoke from the
experimental data. The total smoke input is derivg integrating the specified
smoke release rate curve that is used in the fiipdbr each simulation. The total
smoke output is based on the measurement of tlegespebscuration within the
exhaust duct by integrating the smoke releasecrates calculated from this
measurement. The simulated measurement is natlgiessociated with the
specified input; it is calculated after the spetias moved through the domain, which
clearly shows the capabilities of FDS to reprodineespecified smoke volume in

these simulations.
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Table 3 displays the peak smoke release rate vadu#ise model input and model
output, as well as the peak times for each. Tfierdhce between model input and
output values is in percent and the time differasda seconds. The peak smoke
release rate values are more scattered due tdigagan mixing and dilution
between the model and the experimental tests.laheme associated with the
uncorrected experimental data is shown on the smgla of Table 3. The longest lag
time is found in the PVC insulated wire simulati@rich is attributed to the lack of
buoyancy and slow smoke retrieval of the exhaust.dlihe smoke diluted
significantly in the hood, causing a delay in ttensport to the exhaust duct and the
simulated obscuration measurement. The pondernsajmulation shows a peak
time difference of 30 seconds. This is relativaignificant when compared to the
total time scale of the simulation. In generag, peak value comparison between the
model input and the output is more accurate foistheldering tests. The PVC
insulated wire simulation values are affected keylttw buoyancy characteristics of

the fuel and do not share this level of accuradi Wie other smoldering sources.
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Chapter 6: Summary and Conclusions

6.1 Summary of Research

The purpose of this research is to provide guidamceethods to characterize
incipient fuel sources to be used in simulatioriagi&ire Dynamics Simulator (FDS)
and evaluate the capability of FDS to recreateagijropriate phenomena. The
experimental phase of this research has been petbat Underwriter’s Laboratories
Inc. in Northbrook, lllinois within the Fire Protiéon Department. Computer
modeling has been performed at the University ofyiéad, College Park, within the
Department of Fire Protection Engineering in thel&mnes Clark School of

Engineering using the UL Fire Modeling Lab.

A process was developed to characterize both flgraimd smoldering fuel sources
for input into FDS. Subsequently, FDS modelinghi$ process is studied to reveal
the ability of the program to accurately reprodtl@appropriate phenomena.
Finally, the variations between the models andrit@l characterization are

guantified to determine the attainable range otieaxy.

6.1.1 Phase 1 — Fuel Source Characterization
During the experimental phase of this project, egglurces were characterized under
UL’s IMO intermediate-scale calorimeter. The prsgéy which each of these
materials was characterized and the data colldoted each test has been presented

in this thesis.
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The data collected from these tests includes neass(for flaming sources), heat
release rate (for flaming sources), smoke releatee smoke particle size and count,
and gas effluents. The fuel packages have beegrosbsio share similar physical
characteristics to how they would be used in mastufad goods. The flaming
sources were ignited using predefined ignition sesiifrom various codes and
standards. In addition to fuel source measuremantbient room conditions and
exhaust duct conditions were also monitored to rensunilarity between the model

and the true physical parameters.

6.1.2 Phase 2 — Model Development and Analysis
Upon completion of Phase 1, a model of UL’'s IMCemmiediate-scale calorimeter
was created using FDS and each of the fuel packggeriments was simulated. A
grid resolution study was performed, revealing &nadt5 cm grid would be adequate.
The information calculated from FDS was then coragdo the original experimental

data as well as the input parameters for FDS.

The Species ID method is used for these simulatidiis method defines the source
gas production as a species injection for the snsokibat the smoke generation in
the model can follow the profile generated in tRpeximents. This method allows
the user to directly specify the smoke releaseraatg in the model using a mass flux
with the species. The benefit to this is thatdhmke generation in the model is now
independent of the heat release rate, allowingnfore a more accurate representation

of any smoldering phenomena, which is shown inrctiraparison between the
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mixture fraction method and the Species ID methsetufor the flaming

polyurethane foam with micro-fiber fabric fuel soermodeling.

The mixture fraction model requires the heat redgase, smoke yield, and heat of
combustion as inputs into the reaction. This methases smoke production on a
calculation from the three previously mentionedapagters. The smoke production

is not a direct user input, but is calculated bySi-C5moldering phenomena cannot be

captured using this method. This method was useddmparative purposes only.

6.2 Conclusions

FDS has provided a range of accuracy near 5 %eohtbut values for smoke
characteristics. The lag times associated withotitput data can be attributed to the
uncorrected experimental data. The time scalegténfor FDS are based on the time
that the instrumentation within the exhaust dutecked the smoke release from the
material and the transport time required to moeestinoke from the specimen to the
instrumentation is not compensated for. The Sgd€emethod is an accurate

method to represent incipient fire sources.
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Summary of Test Results

Appendix A
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Appendix B: Additional Experimental Data

This section includes all of the additional datat thom the experimental phase. This
includes particle count density, mean particle ditemy and carbon monoxide and

carbon dioxide concentrations.

B.1 Shredded Office Paper
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Figure B 1 - Shredded office paper particle count ensity
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Figure B 3 - Shredded office paper carbon monoxideutput.
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Figure B 2 - Shredded office paper mean particle dimeter.
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Figure B 4 - Shredded office paper carbon dioxidewiput.
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B.2 Polyurethane Foam with Micro-fiber Fabric (Flaming)
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Figure B 5 -Flaming PU foam with micro-fiber fabric particle count density.
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Figure B 6 - Flaming PU foam with micro-fiber fabric mean particle diameter.
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Figure B 7 - Flaming PU foam with micro-fiber fabric carbon monoxide output.
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Figure B 8 - Flaming PU foam with micro-fiber fabric carbon dioxide output.
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B.3 Printed Circuit Board
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Figure B 9 - Printed circuit board particle count density.
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0.25

Figure B 11 - Printed circuit board carbon monoxideoutput.
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Figure B 10 -Printed circuit board mean particle diameter.
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Figure B 12 - Printed circuit board carbon dioxideoutput.
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B.4 Computer Case ABSPlastic
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Figure B 13 - Computer case ABS plastic particle emt density.
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Figure B 14 - Computer case ABS plastic mean parfie diameter.
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Figure B 15 - Computer case ABS plastic carbon momnale output.
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Figure B 16 - Computer case ABS plastic carbon didcte output.
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B.5 Polyurethane Foam with Micro-fiber Fabric (Smoldering)

During Tests 2 and 3, the FTIR spectrometer matfaned and failed to produce

data after approximately 1000 seconds.
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Figure B 17 - Smoldering PU foam w/ micro-fiber falbic particle count density.
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Figure B 18 - Smoldering PU foam w/ micro-fiber falbic mean particle diameter.
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Figure B 19 -Smoldering PU foam w/ micro-fiber fabric CO output.
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Figure B 20 -Smoldering PU foam w/ micro-fiber fabric carbon diakide output.
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B.6 Ponderosa Pine
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Figure B 21 - Ponderosa pine particle count density
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Figure B 22 -Ponderosa pine mean particle diameter.
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Figure B 23 - Ponderosa pine carbon monoxide output
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Figure B 24 -Ponderosa pine carbon dioxide output.
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B.7 Cotton Linen Fabric
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Figure B 25 -Cotton linen fabric particle count density.

126



0.80

0.70

0.60

0.50

0.40

0.30

Mean Diameter (micron)

AN

0.20

0.10 A

0.00

S %/

—

N\
\/W%c%\

_/-’\/\\- ’_/v_’w—f_\— A -

i

600 1200 1800 2400 3000

3600 4200 4800

Time (s)

\—Test 1 —Test2 —Test 3\

Figure B 26 - Cotton linen fabric mean particle dianeter.
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Figure B 27 -Cotton linen fabric carbon monoxide output.
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Figure B 28 -Cotton linen fabric carbon dioxide output.
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B.8 PVC Insulated Wire
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Figure B 29 - PVC insulated wire particle count density.
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Figure B 30 - PVC insulated wire mean particle diarater.
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Figure B 31 -PVC insulated wire carbon monoxide output.
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Figure B 32 -PVC insulated wire carbon dioxide output.
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Appendix C: FDS Input Files

Appendix C contains the FDS input files used fa tiodels in phase two of this

project.

C1: Shredded Office Paper. The Species ID methades for this simulation.

&HEAD CHID='PAPER’, TITLE='UL PRELIMINARY IMO SMOKE
CHARACTERIZATION TEST, SHREDDED OFFICE PAPER'/

&MESH 1JK=48, 48, 60, XB=0.000, 1.200, 0.000, 1.200 :
0.000, 1.500/ 2.5 cm Hood grid 48 48 60

&MESH 1JK=96, 6, 6, XB=1.200, 3.600, 0.525, 0.675, 1.250,
1.400/ 2.5 cm Duct grid 96 6 6

&VENT XB=0.0, 0.0, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=1.2, 1.2, 0.0, 1.2, 0.0, 0.225,SURF_ID="OP EN' /

&VENT XB=0.0, 1.2, 0.0, 0.0, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 1.2, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 0.0, 1.2, 0.0, 0.0,SURF_ID='"OPEN Y

&TIME TWFIN=360.0/
FHHMATERIAL PROPERTIES******
&MISC SURF_DEFAULT='INERT', TMPA=25.0/

&SPEC ID='SMOKE', MW=29.,
MASS_EXTINCTION_COEFFICIENT=8700. /

&SURF ID="SHREDDED PAPER', HRRPUA=99, RAMP_Q="PAPER ',
MASS_FLUX(1)=0.001264, RAMP_MF(1)="MF' / HRRPUA AND MF
RAMP FOR PAPER 2

&RAMP ID="PAPER', T= 0.0, F=0.000 /
&RAMP ID='"PAPER', T= 75, F=0.122/
&RAMP ID="PAPER', T=95, F=0.224/
&RAMP ID="PAPER’, T= 100, F=0.347 /
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&RAMP ID="PAPER', T= 105, F= 0.598 /
&RAMP ID="PAPER’, T= 110, F=0.820/
&RAMP ID="PAPER’, T= 118, F=1.000 /
&RAMP ID="PAPER', T= 120, F= 0.859 /
&RAMP ID="PAPER’, T= 125, F=0.750/
&RAMP ID="PAPER', T= 135, F=0.537/
&RAMP ID="PAPER', T= 145, F= 0.462 /
&RAMP ID="PAPER’, T= 155, F=0.315/
&RAMP ID="PAPER', T= 165, F=0.222 /
&RAMP ID="PAPER', T= 175, F= 0.210/
&RAMP ID="PAPER', T= 227, F= 0.162 /
&RAMP ID="PAPER', T= 320, F= 0.000 /

&RAMP ID='MF, T= 0 , F=0.00000
&RAMP ID="MF', T= 25 ,F=0.01212
&RAMP ID="MF', T= 30 , F=0.06860
&RAMP ID="MF', T= 37 ,F=0.10760
&RAMP ID='"MF', T= 40 ,F=0.13888
&RAMP ID="MF', T= 44 | F=0.08995
&RAMP ID='"MF', T= 55 |, F=0.15952
&RAMP ID='"MF', T= 67 , F=0.63365
&RAMP ID='MF', T= 75 ,F=0.79831
&RAMP ID='"MF', T= 83 , F=0.89001
&RAMP ID="MF', T= 84 , F=1.00000
&RAMP ID="MF, T= 90 , F=0.79080
&RAMP ID='"MF', T= 95 |, F=0.87780
&RAMP ID="MF', T= 100 , F=0.59051
&RAMP ID="MF', T= 104 , F=0.30386
&RAMP ID="MF', T= 110 , F=0.13090
&RAMP ID="MF', T= 122 , F=0.03390
&RAMP ID="MF', T= 140 , F=0.03117
&RAMP ID="MF', T= 155 , F=0.11827
&RAMP ID="MF', T= 168 , F=0.12840
&RAMP ID="MF', T= 175 ,F=0.11712
&RAMP ID="MF', T= 205 , F=0.05942
&RAMP ID="MF', T= 240 , F=0.04157
&RAMP ID="MF', T= 300 , F=0.00000

e T e T T e T T .

******F U E L TAB L E******

&OBST XB= 0.45, 0.750, 0.450, 0.750, 0.250, 0.700,
SURF_IDS='"SHREDDED PAPER', 'INERT", 'INERT",
COLOR='SILVER'/ FUEL

&OBST XB= 0.45, 0.750, 0.450, 0.750, 0.225, 0.250,
SURF_IDS='INERT, 'INERT", 'INERT', COLOR='BROWN'/
FUEL PLATFORM
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#rr OBSTRUCTIONS 5+

&VENT XB=1.2, 1.2, 0.525, 0.675, 1.25, 1.4,
SURF_ID="OPEN'/ Connection between hood and duct

&SURF ID='EXHAUST FLOW', VOLUME_FLUX=.10615/
&VENT XB= 3.60, 3.60, 0.525, 0.675, 1.25, 1.4,
SURF_ID='EXHAUST FLOW', COLOR='"BLUE' / EXHAUST FLOW

******I NSTRU M ENTS******
IINMO INSTRUMENTATION//I

&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY='oxygen mass fraction', ID="0O2 MASS FRACTI ON'
/ OXYGEN MASS FRACTION

&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY="THERMOCOUPLE', ID='DUCT ENTRY TEMP'/ TC
DUCT ENTRY

//[HOOD THERMOCOUPLES///

&DEVC XYZ= 0.600, 0.600, 1.450, QUANTITY="THERMOCOU PLE',
ID="PLUME 2.5' / TC 2.50 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 1.375, QUANTITY="THERMOCOU PLE',
ID="PLUME 10.0'/ TC 10.0 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 1.175, QUANTITY="THERMOCOU PLE',
ID="PLUME 30.0'/ TC 30.0 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 0.775, QUANTITY="THERMOCOU PLE',
ID="PLUME 70.0'/ TC 70.0 cm FROM TOP OF HOOD

IIOBSCURATION///

&PROP ID='"SMOKE EYE', QUANTITY="path obscuration’,
SPEC_ID="SMOKE'/

&DEVC XB= 3.200, 3.200, 0.525, 0.675, 1.325, 1.325,
PROP_ID="SMOKE EYE', ID="SMOKE EYE'/ SMOKE EYE

&DEVC XYZ= 3.200, 0.600, 1.400, QUANTITY="THERMOCOU PLE',
ID="SMOKE EYE TEMP'/ TC AT SMOKE EYE

IIIVELOCITY/II
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&DEVC XB= 3.200, 3.200, 0.600, 0.600, 1.325, 1.325,
QUANTITY='VELOCITY", ID="DUCT VELOCITY'/ DUCT
VELOCITY AT SMOKE EYE

s M EASUREMENTSwex

&SLCF PBX= 0.60, QUANTITY="TEMPERATURE'/
&SLCF PBY= 0.60, QUANTITY="TEMPERATURE'/
&SLCF PBZ=1.40, QUANTITY=TEMPERATURE'/

&SLCF PBX= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBY= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBX= 0.00, QUANTITY='"VELOCITY"/
&SLCF PBZ=1.40, QUANTITY="VELOCITY"/
&SLCF PBX= 3.60, QUANTITY='"VELOCITY"/

&SLCF PBZ=1.40, QUANTITY="SMOKE'/

&SLCF PBY= 0.60, QUANTITY="SMOKE' /

&DUMP DT_PL3D=30., DT_HRR=2.0, DT_DEVC=2.0, DT_SLCF
SMOKE3D_QUANTITY="SMOKE"/

&TAIL /

=2.0,
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C2: PU Foam with Micro-fiber Fabric (flaming). Thexture fraction model is used

for this simulation.

&HEAD CHID="FLAMING PU FOAM', TITLE='UL PRELIMINARY IMO
SMOKE CHARACTERIZATION TEST, FLAMING PU FOAM, MIXTU RE
FRACTION'/

&MESH 1JK=48, 48, 60, XB=0.000, 1.200, 0.000, 1.200 :
0.000, 1.500/ 2.5 cm Hood grid 48 48 60

&MESH 1JK=96, 6, 6, XB=1.200, 3.600, 0.525, 0.675, 1.250,
1.400/ 2.5 cm Duct grid 96 6 6

&VENT XB=0.0, 0.0, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=1.2, 1.2, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 0.0, 0.0, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 1.2, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 0.0, 1.2, 0.0, 0.0,SURF_ID="OPEN "

&TIME TWFIN=640.0 /
FHHFMATERIAL PROPERTIES******
&MISC SURF_DEFAULT='INERT', TMPA=25.0/

&REAC ID = 'FLAMING PU FOAM'
SOOT_YIELD = 0.0952
HEAT_OF_COMBUSTION = 20290.
IDEAL = .TRUE. /

&SURF ID='FLAMING PU FOAM', HRRPUA=313.3333,
RAMP_Q="FLAMING PU FOAM'/ RAMP PRODUCES MAX OF 9.4 0
kw

&RAMP ID="FLAMING PU FOAM' ,I=0 ,F=0.000 /
&RAMP ID="FLAMING PU FOAM' ,7= 60 ,F= 0.108 /
&RAMP ID="FLAMING PU FOAM' ,/ = 80 ,F= 0.189 /
&RAMP ID="FLAMING PU FOAM' ,T= 100 ,F= 0.321 /
&RAMP ID="FLAMING PU FOAM' ,7= 120 ,F= 0.388 /
&RAMP ID="FLAMING PU FOAM' ,T= 140 ,F= 0.526 /
&RAMP ID="FLAMING PU FOAM' ,T= 160 ,F= 0.657 /
&RAMP ID="FLAMING PU FOAM' , 7= 180 ,F= 0.724 /
&RAMP ID="FLAMING PU FOAM' ,7= 190 ,F= 0.800 /



&RAMP ID="FLAMING PU FOAM' ,T= 200 ,F= 0.868

/
&RAMP ID="FLAMING PU FOAM' , /= 210 ,F= 0.779 /
&RAMP ID="FLAMING PU FOAM' , = 220 ,F= 0.834 /
&RAMP ID="FLAMING PU FOAM' , 7= 230 ,F= 0.789 /
&RAMP ID="FLAMING PU FOAM' ,T= 240 ,F= 0.721 /
&RAMP ID="FLAMING PU FOAM' ,T= 250 ,F= 0.888 /
&RAMP ID="FLAMING PU FOAM' ,T= 260 ,F= 1.000 /
&RAMP ID="FLAMING PU FOAM' , 7= 270 ,F= 0.987 /
&RAMP ID="FLAMING PU FOAM' , 7= 280 ,F= 0.995 /
&RAMP ID="FLAMING PU FOAM' , 7= 290 ,F= 0.958 /
&RAMP ID="FLAMING PU FOAM' ,T= 300 ,F= 0.944 /
&RAMP ID="FLAMING PU FOAM' ,T= 320 ,F= 0.811 /
&RAMP ID="FLAMING PU FOAM' ,T= 340 ,F= 0.535 /
&RAMP ID="FLAMING PU FOAM' ,T= 360 ,F= 0.419 /
&RAMP ID="FLAMING PU FOAM' ,T= 380 ,F= 0.306 /
&RAMP ID="FLAMING PU FOAM' ,T= 400 ,F= 0.260 /
&RAMP ID="FLAMING PU FOAM' ,T= 420 ,F= 0.213 /
&RAMP ID="FLAMING PU FOAM' ,T= 600 ,F= 0.000 /

******F U E L TAB L E******

&OBST XB= 0.500, 0.700, 0.500, 0.650, 0.325, 0.425,
SURF_IDS='FLAMING PU FOAM', 'INERT", 'INERT",
COLOR='YELLOW'/

&OBST XB= 0.300, 0.900, 0.300, 0.900, 0.225, 0.325,
SURF_IDS='INERT', 'INERT', 'INERT', COLOR='SILVER'/
FUEL PLATFORM

#r OBSTRUCTIONS**++++

&VENT XB=1.2, 1.2, 0.525, 0.675, 1.25, 1.4,
SURF_ID="OPEN'/ Connection between hood and duct

&SURF ID='"EXHAUST FLOW', VOLUME_FLUX=.10615/
&VENT XB= 3.60, 3.60, 0.525, 0.675, 1.25, 1.4,
SURF_ID='"EXHAUST FLOW', COLOR='"BLUE' / EXHAUST FLOW
******I NSTR U M ENTS******
IINMO INSTRUMENTATION//I
&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,

QUANTITY='carbon dioxide', ID='"CO2'/ CARBON DIOXI
MEASUREMENT
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&DEVC XB= 1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY="carbon monoxide', ID="CO'/ CARBON MONOX IDE
MEASUREMENT

&DEVC XB= 1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY="extinction coefficient’, ID="K"' /
EXTINCTION COEFFICIENT

&DEVC XB= 1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY='oxygen mass fraction’, ID="0O2 MASS FRACTI ON'
/| OXYGEN MASS FRACTION

&DEVC XB= 1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY='DENSITY", ID="DENSITY'/ DENSITY IN DUCT

&DEVC XB= 1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY="soot density’, ID="SOOT DENSITY'/ SOOT
DENSITY IN DUCT

&DEVC XB= 1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY="THERMOCOUPLE', ID="DUCT ENTRY TEMP'/ TC
DUCT ENTRY

IITHERMOCOUPLES//I

&DEVC XYZ= 0.600, 0.600, 1.450, QUANTITY="THERMOCOU PLE',
ID="PLUME 2.5' / TC 2.50 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 1.375, QUANTITY="THERMOCOU PLE',
ID="PLUME 10.0'/ TC 10.0 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 1.175, QUANTITY="THERMOCOU PLE',
ID="PLUME 30.0'/ TC 30.0 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 0.775, QUANTITY="THERMOCOU PLE',
ID="PLUME 70.0'/ TC 70.0 cm FROM TOP OF HOOD

IIIOBSCURATION///

&DEVC XB= 3.200, 3.200, 0.500, 0.675, 1.400, 1.400,
QUANTITY="path obscuration’, ID="SMOKE EYE/,
SETPOINT=0.33/ SMOKE EYE

&DEVC XYZ= 3.200, 0.600, 1.400, QUANTITY="THERMOCOU PLE',
ID="SMOKE EYE TEMP'/ TC AT SMOKE EYE

IIIVELOCITY/II

&DEVC XB= 3.200, 3.200, 0.500, 0.675, 1.400, 1.400,
QUANTITY='"VELOCITY", ID="DUCT VELOCITY'/ DUCT
VELOCITY AT SMOKE EYE

******M EASUREMENTS******

&SLCF PBX= 0.60, QUANTITY="TEMPERATURE'"/
&SLCF PBY= 0.60, QUANTITY="TEMPERATURE'/
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&SLCF PBZ=1.40, QUANTITY=TEMPERATURE'/
&SLCF PBX= 0.60, QUANTITY='"VELOCITY"/

&SLCF PBY= 0.60, QUANTITY='"VELOCITY"/

&SLCF PBX= 0.00, QUANTITY='"VELOCITY"/

&SLCF PBZ=1.40, QUANTITY="VELOCITY"/

&SLCF PBX= 3.60, QUANTITY='"VELOCITY"/

&SLCF PBZ=1.40, QUANTITY='"soot density' /
&DUMP DT_PL3D=30., DT_HRR=2.0, DT_DEVC=2.0/

&TAIL /
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C3: PU Foam with Micro-fiber Fabric (Flaming). Thee&gges ID method is used for

this simulation.

&HEAD CHID="FLAMING PU FOAM', TITLE='UL PRELIMINARY IMO
SMOKE CHARACTERIZATION TEST, FLAMING PU FOAM'/

&MESH 1JK=48, 48, 60, XB=0.000, 1.200, 0.000, 1.200 :
0.000, 1.500/ 2.5 cm Hood grid 48 48 60

&MESH 1JK=96, 6, 6, XB=1.200, 3.600, 0.525, 0.675, 1.250,
1.400/ 2.5 cm Duct grid 96 6 6

&VENT XB=0.0, 0.0, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /
&VENT XB=1.2, 1.2, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /
&VENT XB=0.0, 1.2, 0.0, 0.0, 0.0, 0.225,SURF_ID='OP EN' /
&VENT XB=0.0, 1.2, 1.2, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /
&VENT XB=0.0, 1.2, 0.0, 1.2, 0.0, 0.0,SURF_ID="OPEN "

&TIME TWFIN=640.0 /
FHFMATERIAL PROPERTIES******
&MISC SURF_DEFAULT='INERT', TMPA=25.0/

&SPEC ID='SMOKE', MW=29.,
MASS_EXTINCTION_COEFFICIENT=8700. /

&SURF ID='FLAMING PU FOAM', HRRPUA=313.3333,
RAMP_Q="FLAMING PU FOAM', MASS_FLUX(1)=.001854,
RAMP_MF(1)="MF' / RAMP PRODUCES MAX OF 9.40 kW

&RAMP ID="FLAMING PU FOAM' ,I=0 ,F= 0.000

/
&RAMP ID="FLAMING PU FOAM' ,T= 60 ,F= 0.108 /
&RAMP ID="FLAMING PU FOAM' , 7= 80 ,F= 0.189 /
&RAMP ID="FLAMING PU FOAM' ,T= 100 ,F= 0.321 /
&RAMP ID="FLAMING PU FOAM' , 7= 120 ,F= 0.388 /
&RAMP ID="FLAMING PU FOAM' ,T= 140 ,F= 0.526 /
&RAMP ID="FLAMING PU FOAM' ,T= 160 ,F= 0.657 /
&RAMP ID="FLAMING PU FOAM' , 7= 180 ,F= 0.724 /
&RAMP ID="FLAMING PU FOAM' ,7= 190 ,F= 0.800 /
&RAMP ID="FLAMING PU FOAM' ,T= 200 ,F= 0.868 /



&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'
&RAMP ID="FLAMING PU FOAM'

&RAMP ID="FLAMING PU FOAM' =
&RAMP ID="MF, T= 0 , F=0.00000
&RAMP ID='"MF', T= 25 , F=0.00061
&RAMP ID="MF', T= 40 ,F=0.00684
&RAMP ID="MF', T= 67 ,F=0.06314
&RAMP ID="MF', T= 90 , F=0.14451
&RAMP ID="MF', T= 125 , F=0.31023
&RAMP ID="MF', T= 165 , F=0.67713
&RAMP ID="MF', T= 187 , F=0.78629
&RAMP ID="MF', T= 198 , F=0.89760
&RAMP ID="MF', T= 206 , F=0.73793
&RAMP ID="MF', T= 219 , F=0.62576
&RAMP ID="MF', T= 225 |, F=0.62476
&RAMP ID="MF', T= 236 , F=0.51430
&RAMP ID='"MF', T= 280 , F=0.80108
&RAMP ID="MF', T= 288 , F=0.88423
&RAMP ID="MF', T= 300 , F=0.92846
&RAMP ID="MF', T= 315 , F=1.00000
&RAMP ID="MF', T= 329 , F=0.76201
&RAMP ID="MF', T= 340 , F=0.53417
&RAMP ID="MF', T= 355 , F=0.29159
&RAMP ID="MF', T= 374 , F=0.12582
&RAMP ID="MF', T= 389 , F=0.05955
&RAMP ID="MF', T= 425 | F=0.01008
&RAMP ID="MF', T= 465 , F=0.00000

141

210
220
230
240
250
260
270
280
290
300
320
340
360
380
400
420
600
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0.779
0.834
0.789
0.721
0.888
1.000
0.987
0.995
0.958
0.944
0.811
0.535
0.419
0.306
0.260
0.213
0.000
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******F U E L TAB L E******

&OBST XB= 0.500, 0.700, 0.500, 0.650, 0.325, 0.425,
SURF_IDS='FLAMING PU FOAM', 'INERT", 'INERT",
COLOR='YELLOW'/

&OBST XB= 0.300, 0.900, 0.300, 0.900, 0.225, 0.325,
SURF_IDS='INERT, 'INERT", 'INERT', COLOR="SILVERY/
PLATFORM

#rr OBSTRUCTION S+

&VENT XB=1.2, 1.2, 0.525, 0.675, 1.25, 1.4,
SURF_ID="OPEN'/ Connection between hood and duct

&SURF ID='EXHAUST FLOW', VOLUME_FLUX=.10615/
&VENT XB= 3.60, 3.60, 0.525, 0.675, 1.25, 1.4,

SURF_ID="EXHAUST FLOW', COLOR='BLUE' / EXHAUST FLOW

******I NSTRU M ENTS******
IINMO INSTRUMENTATION//I

&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY='oxygen mass fraction’, ID="0O2 MASS FRACTI
OXYGEN MASS FRACTION

&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY="THERMOCOUPLE', ID='DUCT ENTRY TEMP'/ TC
ENTRY

[/[HOOD THERMOCOUPLES///

&DEVC XYZ= 0.600, 0.600, 1.450, QUANTITY="THERMOCOU
ID="PLUME 2.5' / TC 2.50 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 1.375, QUANTITY="THERMOCOU
ID="PLUME 10.0'/ TC 10.0 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 1.175, QUANTITY="THERMOCOU
ID="PLUME 30.0'/ TC 30.0 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 0.775, QUANTITY="THERMOCOU
ID="PLUME 70.0'/ TC 70.0 cm FROM TOP OF HOOD

IIOBSCURATION///

&PROP ID='"SMOKE EYE', QUANTITY="path obscuration’,
SPEC_ID="SMOKE'/
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&DEVC XB= 3.200, 3.200, 0.525, 0.675, 1.325, 1.325,
PROP_ID="SMOKE EYE', ID="SMOKE EYE'/ SMOKE EYE
&DEVC XYZ= 3.200, 0.600, 1.400, QUANTITY="THERMOCOU
ID="SMOKE EYE TEMP'/ TC AT SMOKE EYE

IIIVELOCITY/II

&DEVC XB= 3.200, 3.200, 0.600, 0.600, 1.325, 1.325,
QUANTITY='"VELOCITY", ID='"DUCT VELOCITY'/ DUCT VELO
AT SMOKE EYE

wrxxt\[EASUREMENTS*oxxex

&SLCF PBX= 0.60, QUANTITY="TEMPERATURE'/
&SLCF PBY= 0.60, QUANTITY="TEMPERATURE'"/
&SLCF PBZ=1.40, QUANTITY="TEMPERATURE"'/

&SLCF PBX= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBY= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBX= 0.00, QUANTITY='"VELOCITY"/
&SLCF PBZ=1.40, QUANTITY="VELOCITY"/
&SLCF PBX= 3.60, QUANTITY='"VELOCITY"/

&SLCF PBZ=1.40, QUANTITY="SMOKE'/

&SLCF PBY= 0.60, QUANTITY="SMOKE' /

&DUMP DT_PL3D=30., DT_HRR=2.0, DT_DEVC=2.0, DT_SLCF
SMOKE3D_QUANTITY="SMOKE" /

&TAIL /

PLE',

CITY

=2.0,
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C4: Printed Circuit Board. The Species ID methodssd for this simulation.

&HEAD CHID='CIRCUIT BOARD', TITLE='UL PRELIMINARY | MO
SMOKE CHARACTERIZATION TEST, CIRCUIT BOARD'/

&MESH 1JK=48, 48, 60, XB=0.000, 1.200, 0.000, 1.200 :
0.000, 1.500/ 2.5 cm Hood grid 48 48 60

&MESH 1JK=96, 6, 6, XB=1.200, 3.600, 0.525, 0.675, 1.250,
1.400/ 2.5 cm Duct grid 96 6 6

&VENT XB=0.0, 0.0, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=1.2, 1.2, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 0.0, 0.0, 0.0, 0.225,SURF_ID="OP EN' /

&VENT XB=0.0, 1.2, 1.2, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 0.0, 1.2, 0.0, 0.0,SURF_ID="OPEN "

&TIME TWFIN=300.0/
FHFMATERIAL PROPERTIES******

&MISC SURF_DEFAULT='INERT', TMPA=25.0/

&SPEC ID='SMOKE', MW=29.,
MASS_EXTINCTION_COEFFICIENT=8700. /

&SURF ID='CIRCUIT BOARD', HRRPUA=1243.36, RAMP_Q='C IRCUIT
BOARD', MASS_FLUX(1)=0.030095, RAMP_MF(1)="MF"/
HRRPUA RAMP FOR CIRCUIT BOARD 5

&RAMP ID="CIRCUIT BOARD', T=0.0, F=0.448 /
&RAMP ID="CIRCUIT BOARD', T=10., F=0.441/
&RAMP ID="CIRCUIT BOARD', T=15., F=0.460 /
&RAMP ID="CIRCUIT BOARD', T=20., F=0.450/
&RAMP ID="CIRCUIT BOARD', T=25., F=0.547/
&RAMP ID="CIRCUIT BOARD', T=30., F=0.570/
&RAMP ID="CIRCUIT BOARD', T=35., F=0.526 /
&RAMP ID="CIRCUIT BOARD', T=40., F=0.648 /
&RAMP ID="CIRCUIT BOARD', T=45., F=0.626 /
&RAMP ID="CIRCUIT BOARD', T=50., F=0.786 /
&RAMP ID="CIRCUIT BOARD', T=55., F=0.829 /
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&RAMP ID="CIRCUIT BOARD', T=60., F=0.894 /
&RAMP ID="CIRCUIT BOARD', T=64., F=1.000 /
&RAMP ID="CIRCUIT BOARD', T=65., F=0.788 /
&RAMP ID="CIRCUIT BOARD', T=70., F=0.873 /
&RAMP ID="CIRCUIT BOARD', T=75., F=0.870/
&RAMP ID="CIRCUIT BOARD', T=80., F=0.742 /
&RAMP ID="CIRCUIT BOARD', T=85., F=0.706 /
&RAMP ID="CIRCUIT BOARD', T=90., F=0.666 /

&RAMP ID="MF', T= 0. , F= 0.00000 /

&RAMP ID='MF', T= 10. , F= 0.00526 /
&RAMP ID="MF', T= 15. ,F= 0.04284 |/
&RAMP ID="MF', T= 20. , F= 0.10157 /
&RAMP ID="MF', T= 35. , F= 0.57530 /
&RAMP ID="MF', T= 45. ,F= 0.78514 /
&RAMP ID="MF', T= 52. ,F= 1.00000 /
&RAMP ID="MF', T= 65. , F= 0.52835 /
&RAMP ID="MF', T= 75. ,F= 0.34499 /
&RAMP ID="MF', T= 85. , F= 0.24077 |/
&RAMP ID="MF', T= 95. , F= 0.13552 /
&RAMP ID="MF', T= 105. , F= 0.08139 /
&RAMP ID="MF', T= 115. , F= 0.03738 [/
&RAMP ID="MF', T= 125. , F= 0.02844 |/
&RAMP ID="MF', T= 135. , F= 0.02357 [/
&RAMP ID="MF', T= 145. , F= 0.01610 /
&RAMP ID="MF', T= 155. , F= 0.01091 /
&RAMP ID="MF', T= 165. , F= 0.00791 /
&RAMP ID="MF', T= 175. , F= 0.00659 /
&RAMP ID="MF', T= 185. , F= 0.00599 /
&RAMP ID="MF', T= 195. , F= 0.00489 /
&RAMP ID="MF', T= 200. , F= 0.00000 /

******F U E L TAB L E******

&OBST XB= 0.550, 0.625, 0.575, 0.600, 0.400, 0.475,
SURF_IDS='CIRCUIT BOARD', 'INERT", 'INERT",
COLOR="YELLOW!' resolved dimensions

&OBST XB= 0.450, 0.750, 0.450, 0.750, 0.225, 0.375,
SURF_IDS='INERT', 'INERT", 'INERT', COLOR='SILVER'/
FUEL PLATFORM

#rr OBSTRUCTION S+

&VENT XB=1.2, 1.2, 0.525, 0.675, 1.25, 1.4,
SURF _ID="OPEN'/ Connection between hood and duct
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&SURF ID='"EXHAUST FLOW', VOLUME_FLUX=.11106 /
&VENT XB= 3.60, 3.60, 0.525, 0.675, 1.25, 1.4,
SURF_ID='EXHAUST FLOW', COLOR='"BLUE' / EXHAUST FLOW

******I NSTRU M ENTS******
IINMO INSTRUMENTATION//I

&DEVC XB= 1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY='oxygen mass fraction’, ID="0O2 MASS FRACTI ON'
/ OXYGEN MASS FRACTION

&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY="THERMOCOUPLE', ID="DUCT ENTRY TEMP'/ TC
DUCT ENTRY

/I[HOOD THERMOCOUPLES///

&DEVC XYZ= 0.600, 0.600, 1.450, QUANTITY="THERMOCOU PLE',
ID="PLUME 2.5' / TC 2.50 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 1.375, QUANTITY="THERMOCOU PLE',
ID="PLUME 10.0'/ TC 10.0 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 1.175, QUANTITY="THERMOCOU PLE',
ID="PLUME 30.0'/ TC 30.0 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 0.775, QUANTITY="THERMOCOU PLE',
ID="PLUME 70.0'/ TC 70.0 cm FROM TOP OF HOOD

IIOBSCURATION///

&PROP ID='"SMOKE EYE', QUANTITY="path obscuration’,
SPEC_ID="SMOKE'/

&DEVC XB= 3.200, 3.200, 0.525, 0.675, 1.325, 1.325,
PROP_ID="SMOKE EYE', ID="SMOKE EYE'/ SMOKE EYE

&DEVC XYZ= 3.200, 0.600, 1.400, QUANTITY="THERMOCOU PLE',
ID="SMOKE EYE TEMP'/ TC AT SMOKE EYE

IIIVELOCITY/II

&DEVC XB= 3.200, 3.200, 0.600, 0.600, 1.325, 1.325,
QUANTITY='VELOCITY", ID="DUCT VELOCITY'/ DUCT
VELOCITY AT SMOKE EYE

******M EASUREMENTS******

&SLCF PBX= 0.60, QUANTITY="TEMPERATURE'"/
&SLCF PBY= 0.60, QUANTITY="TEMPERATURE'/
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&SLCF PBZ=1.40, QUANTITY=TEMPERATURE'/

&SLCF PBX= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBY= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBX= 0.00, QUANTITY='"VELOCITY"/
&SLCF PBZ=1.40, QUANTITY="VELOCITY"/
&SLCF PBX= 3.60, QUANTITY='"VELOCITY"/

&SLCF PBZ=1.40, QUANTITY="SMOKE"/
&SLCF PBY= 0.60, QUANTITY="SMOKE'/

&DUMP DT_PL3D=30., DT_HRR=2.0, DT_DEVC=2.0, DT_SLCF  =2.0,
SMOKE3D_QUANTITY="SMOKE' /

&TAIL /
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C5: Computer Case ABS Plastic. The Species ID methaded for this simulation.

&HEAD CHID="Computer Case', TITLE='UL PRELIMINARY | MO
SMOKE CHARACTERIZATION TEST, COMPUTER CASE'/

&MESH 1JK=48, 48, 60, XB=0.000, 1.200, 0.000, 1.200 :
0.000, 1.500/ 2.5 cm Hood grid 48 48 60

&MESH 1JK=96, 6, 6, XB=1.200, 3.600, 0.525, 0.675, 1.250,
1.400/ 2.5 cm Duct grid 96 6 6

&VENT XB=0.0, 0.0, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=1.2, 1.2, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 0.0, 0.0, 0.0, 0.225,SURF_ID="OP EN' /

&VENT XB=0.0, 1.2, 1.2, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 0.0, 1.2, 0.0, 0.0,SURF_ID="OPEN "

&TIME TWFIN=340.0 /

*exxx\ATERIAL PROPERTIES* s

&MISC SURF_DEFAULT=INERT', TMPA=25.0 /

&SPEC ID="SMOKE', MW=29.,
MASS_EXTINCTION_COEFFICIENT=8700. /

&SURF ID="COMPUTER CASE', HRRPUA=640.,

MASS_FLUX(1)=0.041487632, RAMP_MF(1)="MF' / PRODUCE S
0.400 kW

&RAMP ID='MF, T= O ,F= 0.0000 /
&RAMP ID='MF', T= 15 ,F= 0.0032 /
&RAMP ID='"MF', T= 30 ,F= 0.0504 /
&RAMP ID='MF, T= 60 ,F= 0.3177 /
&RAMP ID='"MF', T= 75 ,F= 0.6274 /
&RAMP ID='"MF', T= 90 ,F= 0.7876 /
&RAMP ID="MF', T= 105 ,F= 0.9017 /
&RAMP ID='"MF', T= 115 ,F= 1.0000 /
&RAMP ID="MF', T= 130 ,F= 0.9406 /
&RAMP ID="MF', T= 145 |F= 0.5849 /
&RAMP ID='"MF', T= 150 ,F= 0.4969 /
&RAMP ID="MF', T= 165 ,F= 0.2450 /
&RAMP ID="MF', T= 185 ,F= 0.0921 /
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&RAMP ID='"MF', T= 200 ,F= 0.0354 /
&RAMP ID="MF', T= 230 ,F= 0.0028 /
&RAMP ID="MF', T= 250 ,F= 0.0000 /

******F U E L TAB L E******

&OBST XB= 0.575, 0.600, 0.575, 0.600, 0.500, 0.625,
SURF_IDS='COMPUTER CASE', 'INERT', 'INERT",
COLOR='YELLOW'/ FUEL

&OBST XB= 0.450, 0.750, 0.450, 0.750, 0.225, 0.300,
SURF_IDS='INERT', 'INERT', 'INERT', COLOR='SILVER'/
FUEL PLATFORM

#rr OBSTRUCTIONS 5+

&VENT XB=1.2, 1.2, 0.525, 0.675, 1.25, 1.4,
SURF_ID="OPEN'/ Connection between hood and duct

&SURF ID='EXHAUST FLOW', VOLUME_FLUX=.115913/
&VENT XB= 3.60, 3.60, 0.525, 0.675, 1.25, 1.4,
SURF_ID='"EXHAUST FLOW', COLOR='"BLUE' / EXHAUST FLOW

******I NSTRU M ENTS******
IINMO INSTRUMENTATION//I

&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY="oxygen mass fraction', ID='"02 MASS FRACTI ON'
/ OXYGEN MASS FRACTION

&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY="THERMOCOUPLE', ID='DUCT ENTRY TEMP'/ TC
DUCT ENTRY

[/[HOOD THERMOCOUPLES///

&DEVC XYZ= 0.600, 0.600, 1.450, QUANTITY="THERMOCOU PLE',
ID="PLUME 2.5' / TC 2.50 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 1.375, QUANTITY="THERMOCOU PLE',
ID="PLUME 10.0'/ TC 10.0 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 1.175, QUANTITY="THERMOCOU PLE',
ID="PLUME 30.0'/ TC 30.0 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 0.775, QUANTITY="THERMOCOU PLE',
ID="PLUME 70.0'/ TC 70.0 cm FROM TOP OF HOOD
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IIOBSCURATION///

&PROP ID='"SMOKE EYE', QUANTITY="path obscuration’,
SPEC_ID="SMOKE'/

&DEVC XB= 3.200, 3.200, 0.525, 0.675, 1.325, 1.325,
PROP_ID="SMOKE EYE', ID="SMOKE EYE'/ SMOKE EYE

&DEVC XYZ= 3.200, 0.600, 1.400, QUANTITY="THERMOCQOU
ID="SMOKE EYE TEMP'/ TC AT SMOKE EYE

IIIVELOCITY/II

&DEVC XB= 3.200, 3.200, 0.600, 0.600, 1.325, 1.325,
QUANTITY='VELOCITY", ID="DUCT VELOCITY'/ DUCT
VELOCITY AT SMOKE EYE

s M EASUREMENT St

&SLCF PBX= 0.60, QUANTITY="TEMPERATURE'/
&SLCF PBY= 0.60, QUANTITY="TEMPERATURE'/
&SLCF PBZ=1.40, QUANTITY="TEMPERATURE'/

&SLCF PBX= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBY= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBX= 0.00, QUANTITY='"VELOCITY"/
&SLCF PBZ=1.40, QUANTITY="VELOCITY"/
&SLCF PBX= 3.60, QUANTITY='"VELOCITY"/

&SLCF PBZ=1.40, QUANTITY='"SMOKE'/

&SLCF PBY= 0.60, QUANTITY="SMOKE' /

&DUMP DT_PL3D=30., DT_HRR=2.0, DT_DEVC=2.0, DT_SLCF
SMOKE3D_QUANTITY="SMOKE" /

&TAIL/

PLE',

=2.0,
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C6: PU Foam with Micro-fiber Fabric (smoldering). &Bpecies ID method is used

for this simulation.

&HEAD CHID='SMOLDERING PU FOAM', TITLE='UL PRELIMIN  ARY
IMO SMOKE CHARACTERIZATION TEST, SMOLDERING PU FOAM/

&MESH 1JK=48, 48, 60, XB=0.000, 1.200, 0.000, 1.200 :
0.000, 1.500/ 2.5 cm Hood grid 48 48 60

&MESH 1JK=96, 6, 6, XB=1.200, 3.600, 0.525, 0.675, 1.250,
1.400/ 2.5 cm Duct grid 96 6 6

&VENT XB=0.0, 0.0, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=1.2, 1.2, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 0.0, 0.0, 0.0, 0.225,SURF_ID='OP EN' /

&VENT XB=0.0, 1.2, 1.2, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 0.0, 1.2, 0.0, 0.0,SURF_ID="OPEN "

&TIME TWFIN=5000.0 /
I MATERIAL PROPERTIES******

&MISC SURF_DEFAULT='INERT', TMPA=25.0/

&SPEC ID='SMOKE', MW=29.,
MASS_EXTINCTION_COEFFICIENT=8700. /

&SURF ID='FUEL PACKAGE', MASS_FLUX(1)=0.000238977,
RAMP_MF(1)="MF', COLOR="GRAY"'/ SMOKE INJECTION

&RAMP ID='MF, T= 0 ,F= 0.0000
&RAMP ID="MF', T= 2300 ,F= 0.0101
&RAMP ID="MF', T= 2500 ,F= 0.0184
&RAMP ID="MF', T= 3000 ,F= 0.1186
&RAMP ID="MF', T= 3250 ,F= 0.1634
&RAMP ID="MF', T= 3500 ,F= 0.3581
&RAMP ID="MF', T= 3750 ,F= 0.7659
&RAMP ID="MF', T= 3850 ,F= 1.0000
&RAMP ID="MF', T= 4000 ,F= 0.4068
&RAMP ID="MF', T= 4100 ,F= 0.2632
&RAMP ID="MF', T= 4200 ,F= 0.1992

NS TS TS TS TS TS Y S S
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&RAMP ID="MF', T= 4300 ,F= 0.1762
&RAMP ID="MF', T= 4400 ,F= 0.1498
&RAMP ID="MF', T= 4600 ,F= 0.1248
&RAMP ID="MF', T= 4700 ,F= 0.1315

e e

&SURF ID='"SMOLDERING PU FOAM'/

&SURF ID="HOTPLATE', TMP_FRONT=524.84, RAMP_T='HOTP LATE'
| HOTPLATE TEMPERATURE RAMP FOR SMOLDERING FIRES

&RAMP ID="HOTPLATE', T= 0.00, F= 0.000 /

&RAMP ID="HOTPLATE', T= 0.01, F= 0.046 /

&RAMP ID="HOTPLATE', T= 180., F=0.471 /

&RAMP ID="HOTPLATE', T= 6000, F= 1.000 /75 MINUTE
HOTPLATE RAMP MAX TEMP 524.84C

*kkkkk H OT P LAT E******

&OBST XB= 0.500, 0.700, 0.525, 0.675, 0.350, 0.450,
SURF_IDS='FUEL PACKAGE', 'INERT', 'INERT,
COLOR='YELLOW'/

&VENT XB= 0.450, 0.750, 0.450, 0.750, 0.325, 0.325,
SURF_ID="HOTPLATE', COLOR='"GRAY' / HOTPLATE HEATED
SURFACE

&OBST XB= 0.350, 0.850, 0.350, 0.850, 0.175, 0.325,
SURF_IDS='INERT', 'INERT', 'INERT', COLOR='SILVER'/
HOTPLATE MODELED AS 26.5 X 23.6 IN FOR SYMMETRY

#rr OBSTRUCTIONS 5+

&VENT XB= 1.2, 1.2, 0.525, 0.675, 1.25, 1.4,
SURF_ID="OPEN'/ Connection between hood and duct

&SURF ID='EXHAUST FLOW', VOLUME_FLUX= .10800 /
&VENT XB= 3.60, 3.60, 0.525, 0.675, 1.25, 1.4,
SURF_ID='"EXHAUST FLOW', COLOR='"BLUE' / EXHAUST FLOW
******l NSTR U M ENTS******
IINMO INSTRUMENTATION//I
&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,

QUANTITY="oxygen mass fraction’, ID="O2 MASS FRACTI ON'
/ OXYGEN MASS FRACTION
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&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,

QUANTITY="THERMOCOUPLE', ID='DUCT ENTRY TEMP'/ TC

DUCT ENTRY
//[HOOD THERMOCOUPLES///

&DEVC XYZ= 0.600, 0.600, 1.450, QUANTITY="THERMOCOU
ID="PLUME 2.5' / TC 2.50 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 1.375, QUANTITY="THERMOCOU
ID="PLUME 10.0'/ TC 10.0 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 1.175, QUANTITY="THERMOCOU
ID="PLUME 30.0'/ TC 30.0 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 0.775, QUANTITY="THERMOCOU
ID="PLUME 70.0'/ TC 70.0 cm FROM TOP OF HOOD

IIOBSCURATION///

&PROP ID='SMOKE EYE', QUANTITY="path obscuration’,
SPEC_ID="SMOKE'/

&DEVC XB= 3.200, 3.200, 0.525, 0.675, 1.325, 1.325,
PROP_ID="SMOKE EYE', ID="SMOKE EYE'/ SMOKE EYE

&DEVC XYZ= 3.200, 0.600, 1.400, QUANTITY="THERMOCOU
ID="SMOKE EYE TEMP'/ TC AT SMOKE EYE

IIIVELOCITY/II

&DEVC XB= 3.200, 3.200, 0.600, 0.600, 1.325, 1.325,
QUANTITY='"VELOCITY", ID="DUCT VELOCITY'/ DUCT
VELOCITY AT SMOKE EYE

wrxxct\[EASUREMENTS*oxxex

&SLCF PBX= 0.60, QUANTITY="TEMPERATURE'"/
&SLCF PBY= 0.60, QUANTITY="TEMPERATURE'"/
&SLCF PBZ=1.40, QUANTITY="TEMPERATURE"'/

&SLCF PBX= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBY= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBX= 0.00, QUANTITY='"VELOCITY"/
&SLCF PBZ=1.40, QUANTITY="VELOCITY"/
&SLCF PBX= 3.60, QUANTITY='"VELOCITY"/

&SLCF PBZ=1.40, QUANTITY="SMOKE'/
&SLCF PBY= 0.60, QUANTITY="SMOKE' /
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&DUMP DT_PL3D=30., DT_HRR=2.0, DT_DEVC=2.0, DT_SLCF  =2.0,
SMOKE3D_QUANTITY='SMOKE' /

&TAIL /
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C7: Ponderosa Pine. The Species ID method is usdtisosimulation.

&HEAD CHID='"PONDEROSA PINE INT ONE', TITLE='UL
PRELIMINARY IMO SMOKE CHARACTERIZATION TEST, PONDEROSA
PINE'/

&MESH 1JK=48, 48, 60, XB=0.000, 1.200, 0.000, 1.200 :
0.000, 1.500 /2.5 cm Hood grid 48 48 60

&MESH 1JK=96, 6, 6, XB=1.200, 3.600, 0.525, 0.675, 1.250,
1.400/ 2.5 cm Duct grid 96 6 6

&VENT XB=0.0, 0.0, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=1.2, 1.2, 0.0, 1.2, 0.0, 0.225,SURF_ID="OP EN' /

&VENT XB=0.0, 1.2, 0.0, 0.0, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 1.2, 1.2, 0.0, 0.225,SURF_ID="OP EN' /

&VENT XB=0.0, 1.2, 0.0, 1.2, 0.0, 0.0,SURF_ID="OPEN Y

&TIME TWFIN=6500.0 /

FHHMATERIAL PROPERTIES******

&MISC SURF_DEFAULT='INERT', TMPA=25.0/

&SPEC ID='"SMOKE', MW=29.,
MASS_EXTINCTION_COEFFICIENT=8700. /

&SURF ID='"FUEL PACKAGE', MASS_FLUX(1)=0.00108459,
RAMP_MF(1)="MF', COLOR="GRAY"'/ SMOKE INJECTION

&RAMP ID='MF, T= 0 ,F= 0.0000

/
&RAMP ID='MF', T= 1000 ,F= 0.0091 /
&RAMP ID="MF', T= 1500 ,F= 0.0199 /
&RAMP ID="MF', T= 2000 ,F= 0.0617 /
&RAMP ID="MF', T= 3000 ,F= 0.1289 /
&RAMP ID="MF', T= 3500 ,F= 0.1999 /
&RAMP ID="MF', T= 3600 ,F= 0.2928 /
&RAMP ID="MF', T= 3700 ,F= 0.4301 /
&RAMP ID="MF', T= 3800 ,F= 0.7143 /
&RAMP ID="MF', T= 3900 ,F= 0.9066 /
&RAMP ID="MF', T= 4006 ,F= 1.0000 /
&RAMP ID="MF', T= 4500 ,F= 0.4164 /
&RAMP ID="MF', T= 5000 ,F= 0.4832 /
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&RAMP ID="MF', T= 5500 ,F= 0.2108 /
&RAMP ID="MF', T= 6000 ,F= 0.0578 /
&RAMP ID="MF', T= 6400 ,F= 0.0468 /

&SURF ID="HOTPLATE', TMP_FRONT=524.84, RAMP_T='HOTP LATE'
| HOTPLATE TEMPERATURE RAMP FOR SMOLDERING FIRES

&RAMP ID="HOTPLATE', T= 0.00, F= 0.000 /

&RAMP ID="HOTPLATE', T=0.01, F= 0.046 /

&RAMP ID="HOTPLATE', T=180., F=0.471 /

&RAMP ID="HOTPLATE', T= 6000, F= 1.000 /75 MINUTE
HOTPLATE RAMP MAX TEMP 524.84c

******H OT P LATE******

&OBST XB= 0.525, 0.675, 0.550, 0.650, 0.325, 0.350,
SURF_IDS='FUEL PACKAGE', 'INERT', 'INERT",
COLOR='KHAKI'/

&VENT XB= 0.450, 0.750, 0.450, 0.750, 0.325, 0.325,
SURF_ID='HOTPLATE', COLOR='GRAY' / HOTPLATE HEATED
SURFACE

&OBST XB= 0.350, 0.850, 0.350, 0.850, 0.175, 0.325,
SURF_IDS='INERT', 'INERT', 'INERT', COLOR='SILVER'/
HOTPLATE MODELED AS 26.5 X 23.6 IN FOR SYMMETRY

#rr OBSTRUCTIONS 5+

&VENT XB=1.2, 1.2, 0.525, 0.675, 1.25, 1.4,
SURF_ID="OPEN'/ Connection between hood and duct

&SURF ID='EXHAUST FLOW', VOLUME_FLUX=.11292 /

&VENT XB= 3.60, 3.60, 0.525, 0.675, 1.25, 1.4,
SURF_ID='EXHAUST FLOW', COLOR='"BLUE' / EXHAUST FLOW

******I NSTR U M ENTS******

IINMO INSTRUMENTATION//I

&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY="THERMOCOUPLE', ID='DUCT ENTRY TEMP'/ TC
DUCT ENTRY

[/[HOOD THERMOCOUPLES///
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&DEVC XYZ= 0.600, 0.600, 1.450, QUANTITY="THERMOCOU
ID="PLUME 2.5' / TC 2.50 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 1.375, QUANTITY="THERMOCQOU
ID="PLUME 10.0'/ TC 10.0 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 1.175, QUANTITY="THERMOCQOU
ID="PLUME 30.0'/ TC 30.0 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 0.775, QUANTITY="THERMOCOU
ID="PLUME 70.0'/ TC 70.0 cm FROM TOP OF HOOD

IIOBSCURATION///

&PROP ID='SMOKE EYE', QUANTITY="path obscuration’,
SPEC_ID="SMOKE'/

&DEVC XB= 3.200, 3.200, 0.525, 0.675, 1.325, 1.325,
PROP_ID="SMOKE EYE', ID="SMOKE EYE'/ SMOKE EYE

&DEVC XYZ= 3.200, 0.600, 1.400, QUANTITY="THERMOCOU
ID="SMOKE EYE TEMP'/ TC AT SMOKE EYE

IIIVELOCITY/II

&DEVC XB= 3.200, 3.200, 0.600, 0.600, 1.325, 1.325,
QUANTITY='"VELOCITY", ID="DUCT VELOCITY'/ DUCT
VELOCITY AT SMOKE EYE

wrxxt\[EASUREMENTS*oxxex

&SLCF PBX= 0.60, QUANTITY="TEMPERATURE'/
&SLCF PBY= 0.60, QUANTITY="TEMPERATURE'"/
&SLCF PBZ=1.40, QUANTITY="TEMPERATURE'/

&SLCF PBX= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBY= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBX= 0.00, QUANTITY='"VELOCITY"/
&SLCF PBZ=1.40, QUANTITY="VELOCITY"/
&SLCF PBX= 3.60, QUANTITY='"VELOCITY"/

&SLCF PBZ=1.40, QUANTITY="SMOKE'/
&SLCF PBY= 0.60, QUANTITY="SMOKE" /

&DUMP DT_PL3D=30., DT_HRR=2.0, DT_DEVC=2.0, DT_SLCF
SMOKE3D_QUANTITY="SMOKE"/

&TAIL/

PLE',
PLE',
PLE',

PLE',

PLE',

=2.0,
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C8: Cotton Linen Fabric. The Species ID method edu®r this simulation.

&HEAD CHID='COTTON LINEN FABRIC INT ONE', TITLE='UL
PRELIMINARY IMO SMOKE CHARACTERIZATION TEST, COTTONLINEN
FABRIC'/

&MESH 1JK=48, 48, 60, XB=0.000, 1.200, 0.000, 1.200 :
0.000, 1.500/ 2.5 cm Hood grid 48 48 60

&MESH 1JK=96, 6, 6, XB=1.200, 3.600, 0.525, 0.675, 1.250,
1.400/ 2.5 cm Duct grid 96 6 6

&VENT XB=0.0, 0.0, 0.0, 1.2, 0.0, 0.225,SURF_ID='"OP EN' /
&VENT XB=1.2, 1.2, 0.0, 1.2, 0.0, 0.225,SURF_ID="OP EN' /
&VENT XB=0.0, 1.2, 0.0, 0.0, 0.0, 0.225,SURF_ID='"OP EN' /

&VENT XB=0.0, 1.2, 1.2, 1.2, 0.0, 0.225,SURF_ID="OP EN' /
&VENT XB=0.0, 1.2, 0.0, 1.2, 0.0, 0.0,SURF_ID="OPEN t
&TIME TWFIN=6000.0 /

A MATERIAL PROPERTIES******

&MISC SURF_DEFAULT='INERT', TMPA=25.0/

&SPEC ID='"SMOKE', MW=29.,
MASS_EXTINCTION_COEFFICIENT=8700. /

&SURF ID='"FUEL PACKAGE', MASS_FLUX(1)=0.000104204,
RAMP_MF(1)="MF', TMP_FRONT=524.84, RAMP_T='HOTPLATE ',
COLOR='GRAY'/ SMOKE INJECTION

&RAMP ID='MF, T= 0 ,F= 0.0000

/
&RAMP ID="MF', T= 2000 ,F= 0.0096 /
&RAMP ID="MF', T= 2500 ,F= 0.1401 /
&RAMP ID='"MF', T= 3000 ,F= 0.1414 /
&RAMP ID="MF', T= 3500 ,F= 0.1053 /
&RAMP ID="MF', T= 4000 ,F= 0.0867 /
&RAMP ID="MF', T= 4500 ,F= 0.0676 /
&RAMP ID="MF', T= 4900 ,F= 0.1080 /
&RAMP ID="MF', T= 5000 ,F= 0.2304 /
&RAMP ID="MF', T= 5100 ,F= 0.6401 /
&RAMP ID="MF', T= 5190 ,F= 1.0000 /
&RAMP ID="MF', T= 5300 ,F= 0.4467 /
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&RAMP ID="MF', T= 5400 ,F= 0.0364
&RAMP ID="MF', T= 5500 ,F= 0.0127
&RAMP ID="MF', T= 5600 ,F= 0.0147
&RAMP ID='"MF', T= 5700 ,F= 0.0126

e e

&RAMP ID="HOTPLATE', T= 0.00, F= 0.000 /

&RAMP ID="HOTPLATE', T=0.01, F= 0.046 /

&RAMP ID="HOTPLATE', T= 180., F=0.471 /

&RAMP ID="HOTPLATE', T= 6000, F= 1.000 /75 MINUTE
HOTPLATE RAMP MAX TEMP 524.84C

*kkkkk H OT P LAT E******

&VENT XB= 0.450, 0.750, 0.450, 0.750, 0.325, 0.325,
SURF_ID="FUEL PACKAGE', COLOR='ANTIQUE WHITE'/ HOT
HEATED SURFACE

&OBST XB= 0.350, 0.850, 0.350, 0.850, 0.175, 0.325,
SURF_IDS='INERT', 'INERT', 'INERT', COLOR='SILVER'/
HOTPLATE MODELED AS 26.5 X 23.6 IN FOR SYMMETRY

#rr OBSTRUCTION S+

&VENT XB=1.2, 1.2, 0.525, 0.675, 1.25, 1.4,
SURF _ID="OPEN'/ Connection between hood and duct

&SURF ID='EXHAUST FLOW', VOLUME_FLUX= .095541 /
&VENT XB= 3.60, 3.60, 0.525, 0.675, 1.25, 1.4,

SURF_ID="EXHAUST FLOW', COLOR='BLUE' / EXHAUST FLOW

******l NSTR U M ENTS******

IINMO INSTRUMENTATION//I
&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.325,
QUANTITY="THERMOCOUPLE', ID='DUCT ENTRY TEMP'/ TC
ENTRY

//[HOOD THERMOCOUPLES///
&DEVC XYZ= 0.600, 0.600, 1.450, QUANTITY="THERMOCOU
ID="PLUME 2.5' / TC 2.50 cm FROM TOP OF HOOD

&DEVC XYZ= 0.600, 0.600, 1.375, QUANTITY="THERMOCOU
ID="PLUME 10.0'/ TC 10.0 cm FROM TOP OF HOOD
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&DEVC XYZ= 0.600, 0.600, 1.175, QUANTITY="THERMOCOU
ID="PLUME 30.0'/ TC 30.0 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 0.775, QUANTITY="THERMOCQOU
ID="PLUME 70.0'/ TC 70.0 cm FROM TOP OF HOOD

IIOBSCURATION///

&PROP ID='"SMOKE EYE', QUANTITY="path obscuration’,
SPEC_ID="SMOKE'/

&DEVC XB= 3.200, 3.200, 0.525, 0.675, 1.325, 1.325,
PROP_ID="SMOKE EYE', ID="SMOKE EYE'/ SMOKE EYE
&DEVC XYZ= 3.200, 0.600, 1.325, QUANTITY="THERMOCOU
ID="SMOKE EYE TEMP'/ TC AT SMOKE EYE

IIIVELOCITY/II

&DEVC XB= 3.200, 3.200, 0.600, 0.600, 1.325, 1.325,
QUANTITY='VELOCITY", ID="DUCT VELOCITY'/ DUCT VELO
AT SMOKE EYE

s M EASUREMENTSwex

&SLCF PBX= 0.60, QUANTITY="TEMPERATURE'/
&SLCF PBY= 0.60, QUANTITY="TEMPERATURE'/
&SLCF PBZ=1.40, QUANTITY="TEMPERATURE'/

&SLCF PBX= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBY= 0.60, QUANTITY="VELOCITY"/
&SLCF PBX= 0.00, QUANTITY='"VELOCITY"/
&SLCF PBZ=1.40, QUANTITY="VELOCITY"/
&SLCF PBX= 3.60, QUANTITY='"VELOCITY"/

&SLCF PBZ=1.40, QUANTITY="SMOKE"/
&SLCF PBY= 0.60, QUANTITY='SMOKE'/

&DUMP DT_PL3D=30., DT_HRR=2.0, DT_DEVC=2.0, DT_SLCF
SMOKE3D_QUANTITY="SMOKE"/

&TAIL /

PLE',

PLE',

PLE',

CITY

=2.0,
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C9: PVC Insulated Wire. The Species ID method igidse this simulation.

&HEAD CHID='"PVC INSULATED WIRE', TITLE='UL PRELIMIN

ARY

IMO SMOKE CHARACTERIZATION TEST, PVC INSULATED WIRE"/

&MESH 1JK=48, 48, 60, XB=0.000, 1.200, 0.000, 1.200
0.000, 1.500/ 2.5 cm Hood grid 48 48 60

&MESH 1JK=96, 6, 6, XB=1.200, 3.600, 0.525, 0.675,
1.400/ 2.5 cm Duct grid 96 6 6

&VENT XB=0.0, 0.0, 0.0, 1.2, 0.0, 0.225,SURF_ID="OP
&VENT XB=1.2, 1.2, 0.0, 1.2, 0.0, 0.225,SURF_ID="OP
&VENT XB=0.0, 1.2, 0.0, 0.0, 0.0, 0.225,SURF_ID="OP
&VENT XB=0.0, 1.2, 1.2, 1.2, 0.0, 0.225,SURF_ID="OP
&VENT XB=0.0, 1.2, 0.0, 1.2, 0.0, 0.0,SURF_ID="OPEN
&TIME TWFIN=500.0 /

FHFMATERIAL PROPERTIES******

&MISC SURF_DEFAULT='INERT', TMPA=25.0/

&SPEC ID='SMOKE', MW=29.,
MASS_EXTINCTION_COEFFICIENT=8700. /

&SURF ID='FUEL PACKAGE', MASS_FLUX(1)=0.000463,
RAMP_MF(1)="MF', COLOR="GRAY"'/ SMOKE INJECTION

&RAMP ID='MF, T= 0 ,F= 0.0000 /
&RAMP ID='MF', T= 40 ,F= 0.0000 /
&RAMP ID="MF', T= 45 F= 0.0212 /
&RAMP ID='MF', T= 50 ,F= 0.1045 /
&RAMP ID='"MF', T= 55 ,F= 0.3323 /
&RAMP ID='MF, T= 60 ,F= 0.7189 /
&RAMP ID='MF', T= 65 ,F= 1.0000 /
&RAMP ID="MF', T= 70 ,F= 0.6464 /
&RAMP ID='MF, T= 75 ,F= 0.5651 /
&RAMP ID='"MF', T= 80 ,F= 0.4570 /
&RAMP ID="MF, T= 85 ,F= 0.3890 /
&RAMP ID='MF, T= 90 ,F= 0.3412 /
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&RAMP ID="MF', T= 95 |F= 0.2127

/
&RAMP ID="MF', T= 100 ,F= 0.1307 /
&RAMP ID="MF', T= 110 ,F= 0.0807 /
&RAMP ID='"MF', T= 120 ,F= 0.0478 /
&RAMP ID="MF', T= 130 ,F= 0.0279 /
&RAMP ID='MF', T= 140 ,F= 0.0191 /
&RAMP ID='"MF', T= 150 ,F= 0.0114 /
&RAMP ID="MF', T= 160 ,F= 0.0000 /

semoEYEL PLATFORM*#xxx

&OBST XB=0.475, 0.725, 0.475, 0.500, 0.225, 0.250,

SURF_IDS='FUEL PACKAGE', 'INERT', 'INERT', COLOR='B LACK'/
&OBST XB= 0.475, 0.500, 0.500, 0.700, 0.225, 0.250,
SURF_IDS='FUEL PACKAGE', 'INERT', 'INERT', COLOR='B LACK'/
&OBST XB=0.475, 0.725, 0.700, 0.725, 0.225, 0.250,
SURF_IDS="FUEL PACKAGE', 'INERT", 'INERT', COLOR='B LACK'/
&OBST XB= 0.700, 0.725, 0.500, 0.700, 0.225, 0.250,
SURF_IDS="FUEL PACKAGE', 'INERT", 'INERT', COLOR='B LACK'/

&OBST XB= 0.350, 0.850, 0.350, 0.850, 0.200, 0.225,
SURF_IDS=INERT', 'INERT', INERT', COLOR="SILVER!/
PLATFORM

#r OBSTRUCTIONS 5+

&VENT XB=1.2, 1.2, 0.525, 0.675, 1.25, 1.4,
SURF_ID="OPEN'/ Connection between hood and duct

&SURF ID='EXHAUST FLOW', VOLUME_FLUX=.1133925 /
&VENT XB= 3.60, 3.60, 0.525, 0.675, 1.25, 1.4,
SURF_ID='"EXHAUST FLOW', COLOR='"BLUE' / EXHAUST FLOW
******I NSTR U M ENTS******
IINMO INSTRUMENTATION//I
&DEVC XB=1.400, 1.400, 0.500, 0.675, 1.325, 1.475,
QUANTITY="THERMOCOUPLE', ID="DUCT ENTRY TEMP'/ TC DUCT
ENTRY
[/[HOOD THERMOCOUPLES///

&DEVC XYZ= 0.600, 0.600, 1.450, QUANTITY="THERMOCOU PLE',
ID='PLUME 2.5' / TC 2.50 cm FROM TOP OF HOOD
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&DEVC XYZ= 0.600, 0.600, 1.375, QUANTITY="THERMOCOU
ID="PLUME 10.0'/ TC 10.0 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 1.175, QUANTITY="THERMOCOU
ID="PLUME 30.0'/ TC 30.0 cm FROM TOP OF HOOD
&DEVC XYZ= 0.600, 0.600, 0.775, QUANTITY="THERMOCQOU
ID="PLUME 70.0'/ TC 70.0 cm FROM TOP OF HOOD

[IOBSCURATION///

&PROP ID='SMOKE EYE', QUANTITY="path obscuration’,
SPEC_ID="SMOKE'/

&DEVC XB= 3.200, 3.200, 0.525, 0.675, 1.325, 1.325,
PROP_ID="SMOKE EYE', ID="SMOKE EYE'/ SMOKE EYE
&DEVC XYZ= 3.200, 0.600, 1.400, QUANTITY="THERMOCOU
ID="SMOKE EYE TEMP'/ TC AT SMOKE EYE

IIIVELOCITY/II

&DEVC XB= 3.200, 3.200, 0.600, 0.600, 1.325, 1.325,
QUANTITY='"VELOCITY", ID='"DUCT VELOCITY'/ DUCT VELO
AT SMOKE EYE

s M EASUREMENT S

&SLCF PBX= 0.60, QUANTITY="TEMPERATURE'"/
&SLCF PBY= 0.60, QUANTITY="TEMPERATURE'/
&SLCF PBZ=1.40, QUANTITY="TEMPERATURE'/

&SLCF PBX= 0.60, QUANTITY='"VELOCITY"/
&SLCF PBY= 0.60, QUANTITY="VELOCITY"/
&SLCF PBX= 0.00, QUANTITY='"VELOCITY"/
&SLCF PBZ=1.40, QUANTITY="VELOCITY"/
&SLCF PBX= 3.60, QUANTITY='"VELOCITY"/

&SLCF PBZ=1.40, QUANTITY="SMOKE'/
&SLCF PBY= 0.60, QUANTITY="SMOKE' /

&DUMP DT_PL3D=30., DT_HRR=2.0, DT_DEVC=2.0, DT_SLCF
SMOKE3D_QUANTITY="SMOKE" /

&TAIL/

PLE',

PLE',

PLE',

PLE',

CITY
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