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ABSTRACT

Title of Thesis: AN ANALYSIS OF THE ISO 9705 ROOM-CORNER
TEST: SIMULATIONS, CORRELATIONS AND
HEAT FLUX MEASUREMENTS |

Degree Candidate: ~ Scott Edward Dillon

Degree and Year: Master of Science in Fire Protection Engineering, 1998

Thesis Directed by:  Professor James Quintiere
Fire Protection Engineering

A simulation model is implemented in order to predict the fire
performance of materials in the ISO 9705 Room-Corner Test. These materials
were tested by the L S Fire Laboratories of Italy, and the data they provided is
analyzed in this report. A method was established to define material properties
including the heat of combustion, heat of gasification, thermal inertia, ignition
temperature and the total energy released per unit area. These methods were
developed from refinements in a theoretical model of ignition and in resolving
time dependent effects in the Cone Calorimeter. The materials examined
consist of some of the most difficult to analyze because they melt, drip, expand
and de-laminate from the wall and ceiling configuration of the room-corner test.
Corrections have been included in the simulation modeling to account for these

effects. The correction involves reducing the total energy content per unit area



of the material to accordingly reduce its contribution as a wall-ceiling oriented
element. An empirical correlation based on a linearized upward flame spread
model is shown to provide excellent comparison to the flashover time in the
full-scale ISO test. Accurate heat flux measurements from the ignition burner at
an energy release of 100 and 300 kW were made from full-scale room-corner
tests. Corrections to these heat flux measurements provide the incident heat
flux from the burner fire plume and from a combination of the plume and the
thermal feedback of the heated room. Detailed heat flux distributions along the

walls and ceiling in the vicinity of the ignition burner are provided.
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NOMENCLATURE

- upward flame spread acceleration parameter (long burnout time)
- surface area of sample

- upward flame spread acceleration parameter
- specific heat

- sample dimension

- burner dimension

- acceleration due to gravity (9.807 n/s?)

- Grashof number ]
convection heat transfer coefficient

- effective heat of combustion

- flame intermittency

- thermal conductivity

- thermal inertia

ki - flame length coefficient (0.01 m*/kW)

- length (length scale for h, calculation)

- mean beam length

- effective heat of gasification

- mass

- Nusselt number

- Prandtl number

- heat transfer

- energy

- Rayleigh number

- time

temperature

- plume velocity

- flame spread velocity

- flame height in the Cone

- flame height/length

- surface absorptivity

- volumetric thermal expansion coefficient
- thickness, steel plate

- distance, between thermocouple nodes

- emissivity

- lateral flame spread coefficient

- absorption coefficient

- density

- Stefan-Boltzmann constant (5.670 x 10™"" kW/m*-K*)
- kinematic fluid viscosity
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Subscripts

0 - initial

a - air

b - burnout

c - convective

cold - incident to a cold surface

cr - critical

eff - effective

equil - equilibrium measurement

ext - external

f - flame or film (only in h, calculation, Section 7)
fl - fluid

fo - flashover

h - horizontal, flame extension

hot - incident to a heated surface

i - incident

ig - ignition

inc - through the ceramic fiber insulation

init - initial measurement

k - conduction

meas - measured

min - minimum

net - net amount

P - pyrolysis

pl - plume

r - radiation

T - re-radiation

R - room

] - surface

st - steel

sto - storage within the steel

v - vaporization or vertical portion of flame length (Section 8)
) - ambient

peak - at the peak energy release rate

peak avg. -  averaged over 80% above of the peak energy release rate
overallavg. -  average of the overall properties during steady, sustained burning

Superscripts

X7 . per unit area
(X) - per unit time
(—X—) - average value
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1. INTRODUCTION

There are many different aspects of a fire event that can affect the final outcome.
One means of expressing the overall hazard associated with a particular fire scenario is
in terms of the size of the fire. The primary mechanism by which fires grow from a
small incipient fire to a large, possibly ﬁlliy involved, one is through the ignition and
flame spread across the various fuels that are available. When attempting to determine
or predict the growth rate potential and overall fire size for a space, the flame spread
over the furnishings and interior finish materials will become significant. The fire
growth of a fire can be considered to be a critical event in which the outcome can be
based on several parameters. One method for determining the fire growth potential of
interior finish materials is by the room-corner test. Unlike most other tests, materials in
the room-corner test are exposed to a full-scale fire scenario: the materials are mounted
in an orientation that is representative of there use in real situations and the ignition

source is more consistent with realistic forms of ignition.

1.1 Room-Corner Tests

Several room-corner test protocols are currently in use and are listed by the
American Society of Testing and Materials (ASTM), the National Fire Protection
Association (NFPA), the Uniform Building Code (UBC) and the International
Standards Organization (ISO). The tests arrangements and procedures are all similar,
but have some differences that can significantly affect the performance of the sample
material. These differences include the size, location and energy release rate of the

ignition burner as well as the sample mounting.



The test method addressed in this analysis is the ISO 9705 Full-Scale Room Fire
Test for Surface Products [22]or more simply the Room-Corner Test. The choice of
this method was motivated by the fact that the ISO 9705 test is an internationally
recognized standard and the availability of test data and a full-scale test facility.

The ISO 9705 test has the following criteria and can be seen in Figure 1.1:

« Room: 24 mx 3.6 mx 2.4 mhigh.

+ Door on Short Wall: 2.0 m x 0.8 m wide.

« Ignition Burner: 17 cm x 17 ¢m square sand burner, top surface 30
cm above the floor, propane fuel.

« Burner Location: Corner, in contact with both walls.

+ Burner Output: 100 kW for 10 minutes followed by 300 kW for an
additional 10 minutes.

» Material Mounting: On the 3 walls opposite the doorway and on the

ceiling if desired.

One useful way of ranking materials and determining the fire growth
potential for a particular material is by the time to flashover under the conditions
specified by the test standard. Flashover is an altogether complex process and is
associated with different characteristics of the fire compartment: heat flux to the
floor of approximately 20 kW/m’, an upper layer temperature of 500 to 600 °C
and flames emerging from the doorway [11]. Based on the standard room

geometry of the test method, flashover conditions typically coincide with an




energy release rate of about 1,000 kW. It must be recognized that the presence or
absence of the sample material on the ceiling of the room can be one of the most

significant factors as to whether or not flashover occurs.

lamp/
(lamp/photocell) Volume flow

Temperature and differential pressure

Optical density ’——Gas analysis (Op, CO, COp)

Exhaust hood
3.0mx3.0mx 1.0m

Doorway 0.8m x 2.0m

Figure 1. 1: Schematic Drawing of the ISO 9705 Room-Corner Test [49].

1.2 Modeling

A mathematical model to predict the fire growth of materials in a room-corner
test has been developed by Quintiere [36]. The model utilizes derived material fire
properties and simple equations that govern the physics of ignition and flame spread to
predict the time dependent area of burning, upper gas layer temperature and energy

release rate for a material in the room-corner test.




A primary difference between the different room-corner test methods is
the ignition source. Test results indicate that the energy release rate of the burner,
the associated heat flux to the sample material and the duration of the exposure
influence the performance of the material. This is particularly true for thin
materials and materials with a short burnihg duration. By adjusting the exposure
conditions and material fire properties, the model can be used to indicate how
sensitive a material is to producing flashover conditions. The model allows the
performance of materials with different ignition sources and room geometries to
be predicted without performing many expensive full-scale experiments. The
model can also be adapted to wall fires and open pool fires, but will be confined
to the prescriptions of the ISO standard for this analysis.

The materials evaluated represent traditional materials as well as materials that
could be a potential challenge to the model. Previous analyses [23, 36, 37] have shown
that charring materials like wood are typically well predicted by the model. However,
thermoplastic materials can melt, deform and drip from the wall and ceiling which
presents a significant modeling complexity. The series of materials evaluated in this
analysis represent a wide range of realistic materials which should indicate the strengths
and weaknesses of the model.

In order to analyze the performance of the materials, a systematic method will
be developed for determining the material fire properties required by the model. This
method will be based on small-scale test results like the Cone Calorimeter [2] and the
LIFT [1] and medium-scale test methods like Roland [51]. Although the procedure for

deriving the properties is not perfect for every material, it will be applied to each




material as a first step in developing a uniform system. Specific areas where the
method breaks down will be indicated, analyzed. and explained.

Due to the critical nature of some materials, an empirical correlation by Cleary
and Quintiere [9] will be applied to the materials. Using the same material properties
used for modeling along with information regarding the ignition source, the flashover
potential for the materials will be determined and presented in a format that allows
materials to be compared.

Several aspects of the current model can be improved. Various studies have
been conducted in order to examine the heat flux from controlled fires to vertical walls
and corners (7, 23, 26, 31, 52, 53]. This heat flux information has been found to be very
important to the performance of materials in the room-corner scenario and more
generally for wall flame spread. More detailed experiments are needed in this area,
especially for the exposure of materials in accordance with the standard test methods. It
is recognized that theoretical determinations of these heat fluxes is beyond the current
state of the art and experimentally based correlations will have to be utilized.

The incident heat flux to materials in the room-corner test is approximated in the
model. In order to better understand the actual exposure conditions, full-scale heat flux
measurements have been made and detailed heat flux profiles have been created as a
part of this research. In addition, flame heights for the ignition burner in the corner
have been determined. These factors will provide a tremendous amount of knowledge
to what is currently known about the room-corner test and will enable Quintiere’s

model to be improved.




In response to the need for improved performance predictions, this research will
attempt to provide a systematic method for determining material fire properties, assess
the accuracy of a fire growth model for the room-corner test and determine aspects of

the standard test that can be used to improve the current model.



2. DESCRIPTION OF MATERIALS

Thirteen materials were provided to the University of Maryland, for prediction
of their performance in the full-scale room-corner test using Quintiere’s fire growth
model [36]. These materials are the same as the ones tested in the Cone Calorimeter [1]
and Roland apparatus [51] at the L. S. Fire Laboratories (LSF), Moutano, Italy. Each
material was tested in the Cone five times at four different external heat flux levels—
25, 35, 40 and 50 kW/m>—for a total of twenty tests for each material. These same
materials were also tested using the ISO 9705 Room-Corner test protocol at the
Swedish National Testing and Research Institute, Boras, Sweden [49]. These materials
are listed below—the number preceding each material refers to the LSF designation for
each material and will be used interchangeably with the full name. A brief description
of the material properties and the manner in which the samples were mounted for the

full-scale room-corner test are provided. All of the materials were conditioned at 20 + 5

°C prior to the full-scale tests. Photographs of the samples are also provided.

R 4.01 Fire Retarded Chipboard

Thickness: 12 mm

- Density: 805 kg/m’

- Moisture content: 6.8 %

-  Mounting: Nailed to the light

weight concrete walls and ceiling.




R 4.02 Paper Faced Gypsum Wallboard

Thickness: 12.5 mm
Density: 720 kg/m’
Mounting: Nailed to the light weight

concrete walls and ceiling.

R 4.03 Polyurethane Foam Panel with Aluminum Paper Facing

Thickness: 41 mm

Density: 38 kg/m’

Area weight: 2.03 kg/m’

Mounting: Glued to a non-
combustible board called “Promatek

H”, density 870 kg/m3 , with a water

based contact adhesive called “Casco
3880”. The non-combustible boards were nailed to the light weight concrete

walls and ceiling before the polyurethane foam panels were glued.




R 4.04 Polyurethane Foam Panel with Paper Facing

Thickness: 40 mm

Density: 38 kg/m’

The properties for this material were
used to predict the performance of
the polyurethane foam panel with
aluminum facing, R 4.03, due to the

problems encountered in

extrapolating adequate material properties (see Section 3).

R 4.05 Fire Retarded, Extruded Polystyrene Board (40 mm)

Thickness: 40 mm

Density: 33 kg/m’

Mounting: Glued to a non-
combustible board called “Promatek
H”, density 870 kg/m3 , with a water
based contact adhesive called “Casco

3880”. The non-combustible boards

were nailed to the light weight concrete walls and ceiling before the polystyrene

boards were glued.




R 4.06 Clear Acrylic Glazing
- Thickness: 3 mm
- Density: 1150 kg/m’
- Mounting: Screwed to a frame of
light steel profiles spaced 40 mm from
the light weight concrete walls and

ceiling.

R 4.07 Fire Retarded PVC

- Thickness: 3 mm

- Density: 1505 kg/m’

- Mounting: Screwed to a frame of
light steel profiles spaced 40 mm

from the concrete walls and ceiling.

R 4.08 3-Layered Clear, Fire Retarded
Polycarbonate Panel

- Thickness: 16 mm

- Density: 1200 kg/m®

- Area weight: 2.9 kg/m’

- Mounting: Screwed to a frame of
3-Laycrod F.R.

Potycarbonatc Pancl

light steel profiles spaced 40 mm

from the light weight concrete walls and ceiling.
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R 4.09 Varnished Massive Timber Paneling

Thickness: 9 mm

- Area weight: 3.4 kg/m2
- Moisture content: 9.6 %
- Mounting: Nailed to the light weight

concrete walls and ceiling.

Varnished Mass Timbe

R 4.10 Fire Retarded Plywood

Thickness: 15 mm

Density: 460 kg/m’

Moisture content: 9.8 %

Mounting: Nailed to the light weight

concrete walls and ceiling.

R 4.11 Normal, Untreated Plywood
- Thickness: 15 mm.

Density: 440 kg/m’

Moisture Content: 11.3 %

Mounting: Plywood was nailed to

the light weight concrete walls and

ceiling.
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R 4.20 Fire Retarded, Expanded Polystyrene Board (40 mm)

Thickness: 40 mm

Density: 30 kg/m’

Mounting: Glued to a non-
combustible board called “Promatek
H”, density 870 kg/m’, with a water
based contact adhesive called “Casco

3880”. The non-combustible boards

were nailed to the light weight

concrete walls and ceiling before the polystyrene boards were glued.

R 4.21 Fire Retarded, Expanded Polystyrene Board (80 mm)

Thickness: 80 mm

Density: 17 kg/m’

Mounting: Glued to a non
combustible board called “Promatek
H”, density 870 kg/m®, with a water
based contact adhesive called “Casco

3880”. The non combustible boards

were nailed to the light weight

concrete walls and ceiling before the polystyrene boards were glued.
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3. DETERMINING MATERIAL PROPERTIES

The material properties required to run the fire growth model are typically
derived from data provided by the Cone Calorimeter (ASTM E-1354 [2], ISO 5660) and
the Lateral Ignition and Flame Spread Test (LIFT, ASTM E-1321 [1], ISO 5658).

However, for this analysis the flame spread data was provided by the Roland apparatus

instead of the LIFT [46]. These modeling properties are listed in Table 3.1.

Table 3. 1: Material Modeling Properties.

Material Property Symbol Test Method
1. Ignition Temperature T; Cone, LIFT or Roland
9 l;{inimum Temperature for Lateral T, min LIFT or Roland
ame Spread
3. Thermal Inertia kpc Cone or LIFT
4. Lateral Flame Spread Parameter D LIFT or Roland
5. Effective Heat of Combustion AH¢ Cone
6. Effective Heat of Gasification L Cone
7. Total Energy per Unit Area (08 Cone

Previous analyses of the performance of materials have used inconsistent methods for
determining the material properties. Therefore a more systematic method for accurately
determining these properties will be developed. This systematic method will then be
applied to all of the materials and used to predict the performance in the full-scale

roomy/corner test.
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3.1 Ignition Properties
The ignition properties for the LSF materials were determined by Dillon, Kim
and Quintiere {10] based on the Cone Calorimeter test results. In general the time to

ignition (f;;) can be expressed as

(7, -7.f

ty =C~k/x(q”_q,)2 3.1)

where T, is the ambient temperature (K), ¢”; is the incident radiant heat flux (kW/m?),
q" .r is the critical heat flux for ignition (kW/mz) and C depends on ¢”,. For the

analysis by Dillon ef al., C was taken to be n/4 for high incident heat flux values. The
critical heat flux for ignition can be expressed as

& =olr;-12)+ 11, -1.) (3.2)
where o is the Stefan-Boltzmann constant (5.670 x 10" kW/m? °K4) and A. is the
convective heat transfer coefficient (kW/m*K).

A plot of the inverse square root of the ignition times (t,~g'”2) with respect to the
incident heat flux from the Cone is used to determine 7, and kpc (see Figure 3.1). The
critical heat flux is the point at which #; is infinite and therefore t,-g'm isequalto 0. A
value for ¢”" ., is determined by extrapolating the data at low heat fluxes as shown in
Figure 3.1. The critical heat flux for each material is presented in Table 3.2. Using an

h. value of 10 kW/m?-K for the Cone, the critical heat flux is used in Equation 3.2 to

calculate T;;. The slope of the linear fit through the data points equals

14
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(

and is used to calculate kpc. The ignition data figures for all of the LSF materials are

presented by Dillon et al.
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Figure 3. 1: Typical Interpretive Plot of Ignition Data in Order to Derive Properties: R
4.21, Fire Retarded Expanded Polystyrene Board.

15




Table 3. 2: Estimated Critical Heat Flux for Ignition

-~

Material q.

R 4.01, FR. Chipboard 25
R 4.02, Gypsum 26
R 4.03, PU/Alum.”
R 4.04, PU/Paper 6

R 4.05, Ext. PS40 7

R 4.06, Acrylic 4

R 4.07, FR. PVC 16
R 4.08, 3-Layer PC 24
R 4.09, Mass Timber 10
R 4.10, FR. Plywood 22
R 4.11, Plywood 8

R 4.20, Exp. PS40 8

R 4.21, Exp. PS80 23

3.2 Flame Spread Properties

The flame spread data for the LSF materials were also determined by Dillon ef
al. [10] and were obtained by using the Roland apparatus instead of the LIFT. A typical
flame spread test using the Roland apparatus can be seen in Figure 3.2. The Equation
for the flame spread velocity, V, is

D

V =
ot T} (3.3)

where @ is the lateral flame spread parameter (kWZ/m3 ) and T the surface temperature
of the material caused by the incident heat flux (K). The location on the surface of the
material at which lateral flame spread ceases can be used to determine T min. The

lateral flame spread parameter can then be calculated using Equation 3.3.
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The ignition and flame spread properties were derived by the methods presented

in Sections 3.1 and 3.2 and are presented in Table 3.3.

Table 3. 3: Ignition and Flame Spread Properties of the LSF Materials
. T,
Material 0y f‘c”:’ﬁ" [(kW%)ng)zs] (ng;m3)
R 4.01, FR. Chipboard 505 507 4.024 0.0
R 4.02, Gypsum 515 517 0.549 0.0
R 4.03, PU/Alum.” 0.0
R 4.04, PU/Paper 250 77 0.199 8.7
R 4.05, Ext. PS40 275 77 1.983 1.2
R 4.06, Acrylic 195 195 2.957
R 4.07, FR. PVC 415 352 1.306 0.2
R 4.08, 3-Layer PC 495 167 1.472 0.0
R 4.09, Mass Timber 330 77 0.530 6.9
R 4.10, FR. Plywood 480 197 0.105 0.7
R 4.11, Plywood 290 147 0.633 2.2
R 4.20, Exp. PS40 295 77 1.594 42
R 4.21, Exp. PS80 490 77 0.557 7.1

* Material properties could not be extrapolated from the test data

3.3 Heat of Combustion (4H()
3.3.1 Definition

The enthalpy of combustion or heat of combustion (AH() is a constant material
property, representing the total amount of energy released by a unit mass of fuel (kJ/g)
when it is completely oxidized through the combustion process. Heat of combustion
values can be determined using an oxygen bomb calorimeter which forces all of the
material to combust in a pure oxygen atmosphere while the vessel temperature and

specimen mass loss are carefully monitored. Heat losses from the system are
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minimized so that the heat release can be accurately determined by the temperature rise.
The gross heat of combustion, AHc, gr055, can then be calculated by dividing the total
heat release by the total specimen mass loss. Gross heat of combustion values for many
materials are presented by Tewarson [47]. However, complex materials like wood and
composites like gypsum wallboard burning in more realistic conditions will not exhibit
the gross heat of combustion values obtained in the oxygen bomb. Char formation,
moisture evaporation and other complex effects will cause a reduéed AH¢, gross t0 be
observed. Therefore an effective heat of combustion, AHc, .4, which better represents
the material burning in actual conditions needs to be determined. This effective value
(simply referred to as AH, for convenience) can be used to determine the energy release
rate per unit area from a material based on the mass loss rate by:

Q"=AH_.-m" (3.4)
where (" is the energy release rate per unit area (kW/m?) and " is the mass loss rate
per unit area (g/s'm”). In this definition of the effective heat of combustion, m" of a
burning material may not represent the mass of the fuel alone and can represent a loss of

moisture or other products. This can result in complications in the determination of

suitable values for predicting performance.

3.3.2 Determining AHc

The time-varying and average effective heat of combustion were measured by
LSF using the Cone Calorimeter. Each material was tested five times at each of the
following incident heat flux levels: 25, 35, 40 and 50 kW/m?. The Cone Calorimeter

standard [2] specifies the time-varying heat of combustion value to be calculated by
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AHC (t) = —Q (t)
m’(t)

where O"(t) and m"(f) are the energy release rate and mass loss rate per unit area at

time ¢. Similarly, the average heat of combustion is calculated by

AH . -2 (3.5)
Am

where Q is the total energy released during the test and Am is the total specimen mass
loss.

Because AHc is typically considered to be a constant material property, it should
not vary with temperature, burning rate or incident heat flux. Nevertheless, the Cone
data indicates that the measured heat of combustion values were not constant with
respect to time, and in some cases varied significantly throughout the test (see Figure
3.3). These fluctuations are most likely due to complex burning effects and
inaccuracies in the oxygen consumption calorimetry method used to determine the
values. Therefore three different methods will be utilized for determining constant
effective heat of combustion values from the Cone Calorimeter data: based on (1) the
peak energy release rate, (2) an average energy release rate around the peak and (3) the
overall energy released during the test. Examples of these three energy release rates are

presented in Figure 3.4.
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Figure 3. 3: Example of Time-Varying Heat of Combustion Measured in the Cone
Calorimeter: R 4.08, 3-Layer Polycarbonate Panel at 50 kW/m’ in the Cone
Calorimeter.
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Figure 3. 4: Example of Peak, Peak Average and Overall Average Energy Release
Rates per Unit Area Measured in the Cone Calorimeter: R 4.08 at 50 kW/m’ in the
Cone.
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Due to the fact that not all of the samples ignited or exhibited continuous
flaming, only the test data associated with ignition and sustained burning were used to
determine the effective AHc values. In a few tests the LSF data reports ignition of a
se rate versus time graphs clearly indicated
that actual sustained flaming did not occur. Data from these types of tests will be
omitted from the determination of the heat of combustion values.

Examples of AH¢, peak, AHC, peak avg. a0d AHC, overall avg. values are shown
graphically in Figure 3.5 and the three effective values for each material are presented
in Table 3.4. Theoretically all three of these values should be identical, and as the table

indicates there is reasonably good agreement between the values. The three methods

for determining AH( are explained below.

3.3.2.1 Peak Rate of Energy Release (AHc, peat)

For each Cone test in which the material ignited, a peak or maximum rate of
energy release (0" peak) Occurs (see Figure 3.4). A heat of combustion value can be
determined which directly coincides with the time at which the peak energy release rate
occurs (see Figure 3.5). This “peak” value does not represent the maximum heat of
combustion that was measured, but in fact represents the heat of combustion value
associated with the peak energy releases rate.

All of the “peak” heat of combustion values measured for a particular material
can then be averaged to determine an average, AH ., , value. When plotted with

respect to the external heat flux, the average value represents a horizontal “best-fit” line
through the peak value data which can be seen in Figure 3.6. Figures for all of the
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materials are presented by Dillon et al. [10]. These average heat of combustion values
are listed in Table 3.4. This average peak heat of combustion value can be used in
Equation 3.4 to determine the typical peak energy release rate associated with a

material.
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20 1

AHec (kJ/g)

10

Figure 3. 5: Method of Determining the Peak, Peak Average and Overall Average Heat
of Combustion Values: R 4.08, 3-Layer Polycarbonate Panel at 50 kW/m? in the Cone

Calorimeter.

3.3.2.2 Average Rate of Energy Release (AHc, peak avg.)
Another method of using the peak energy release rate as a basis for determining
the effective heat of combustion is to take an average energy release rate per unit area

around the peak value. For this analysis, it is estimated that an average peak energy
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release rate occurs approximately 20% below the peak value. Therefore, the 0" peak avg
shown in Figure 3.4 is an integrated average of the measured energy release rates above
80% of the peak value. The “peak average” value is intended to represent an energy
release rate that is more consistent with steady burning as opposed to an instantaneous
maximum value. This averaging method reduces the effects of a sudden, possibly
uncharacteristic spike in the energy release rate and smoothes the data while still taking
into account the most intense burning of the material.

The peak average heat of combustion, AH¢, peak avg., is taken to be a numerical
average of the measured heat of combustion values over the same time interval that the
energy release rate is averaged. The time period over which the heat of combustion
is

values are averaged is illustrated in Figure 3.5. An average value, AH ¢ .4 o >

calculated to be a numerical average of the individual peak average values from each

test.
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Figure 3. 6: Example of a Typical Average Heat of Combustion (AH . )
Determination: R 4.08 at 50 kW/m’.

3.3.2.3 Overall Energy Release (AHc, overaii avg.)

The overall heat of combustion values, AHc, overait avg.» Were calculated by LSF by
dividing the total heat evolved from each sample, Q, by the total specimen mass loss,
Am, as in Equation 3.5. This is the typical method of determining an effective heat of
combustion value by the Cone Calorimeter test standard [2]. This “overall average”

value represents an average of the burning characteristics over the entire test duration.

As with the previous two methods, the average overall value, AH . . ./ e » fOT

a particular material is determined by taking the numerical average of the values

calculated from each Cone test.
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Table 3. 4: Average, Effective Heat of Combustion (4H,) Values Calculated by
Three Methods.

Material AHC, peak AHC, peak avg. AHC, overall avg.
(kV/g) (kJ/g) (/g)
R 4.01, FR. Chipboard 9.6 9.2 7.9
R 4.02, Gypsum 6.7 6.4 3.2
R 4.03, PU/Alum. 16.3 16.3 18.2
R 4.04, PU/Paper 19.3 18.9 18.0
R 4.05, Ext. PS40 28.5 27.8 28.2
R 4.06, Acrylic 24.2 24.1 24.0
R 4.07, FR. PVC 10.2 9.9 6.8
R 4.08, 3-Layer PC 19.5 19.5 21.5
R 4.09, Mass Timber 17.3 16.3 15.7
R 4.10, FR. Plywood 11.6 11.2 10.3
R 4.11, Plywood 12.1 11.9 10.8
R 4.20, Exp. PS40 27.4 27.5 27.8
R 4.21, Exp. PS80 26.6 26.9 27.9

3.4 Heat of Gasification (L)
3.4.1 Definition

When exposed to an incident heat flux, materials will vaporize at a certain rate.
The rate of this vaporization can be expressed in terms of the mass loss rate per unit
area of material (") and is dependent on the magnitude of the heat flux. The heat of
gasification (L) value is an effective property that describes the energy required to
produce the fuel volatiles per unit mass of the material and is typically expressed in the
units kJ/g. The effective L value represents the average effects of vaporization of the
fuel and does not include transient burning effects. Typical heat of gasification values

have been determined by Tewarson [47].
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The burning of a material is a relatively complex and unsteady process.
However, a constant, steady burning rate per unit area can be approximated using

constant net heat flux and heat of gasification values:

.
ne L ne 3.6
= (3.6)

where §” e is the net heat flux to the material (kW/m?). This approximation assumes
that at ignition (#;) the burning rate becomes ¢, /L and at the burnout time (#5) it drops

to zero. This burning rate approximation is illustrated in Figure 3.7, where the area
under the predicted curve is equivalent to the area under the experimental curve. The

predicted ignition time in the figure is approximated using the following expression:

oz (7, -7.f
L _Z'kpc——(ggzy

and the burnout time is approximated by

L QO
t, = —
AHC qnet

where " is the total energy per square meter of material (see Section 3.5). Therefore
in order to estimate the steady burning rate of materials, an effective heat of gasification

value needs to be determined.
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Figure 3. 7: Example of a Typical Burning Rate per Unit Area (71" ) Prediction: R
4.08, 3-Layer Polycarbonate Panel at 50 kW/m’ in the Cone Calorimeter.

Using mass loss rate data from the Cone Calorimeter, estimations of the heat of
gasification can be made. This effective L value can then be used to predict the rate of
burning of a material over a range of external heat flux values.

The heat of gasification also allows the energy release rate of a material to be
predicted. Equation 3.4 indicates that the energy release rate per unit area can be
determined by multiplying the mass loss rate per unit area by the heat of combustion
thereby allowing Equation 3.6 to be expressed as:

Q" =qh,—=
L

3.7

where Q" is the energy release rate per unit area of burning material (kW/m?) and AHc

is the heat of combustion—as calculated in Section 3.3.2. The predicted energy release
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rate will become equal to the right hand side of Equation 3.7 at ignition and remain
constant over the burning time. Figure 3.8 shows a comparison of a typical predicted
energy release rate versus an actual experimentally measured rate. The predicted
energy release rate and burnout time, #4,, are calculated such that the area under the

predicted curve, O, is equivalent to the area under the experimental curve.

3.4.2 Cone Calorimeter Heat Flux
Equations 3.6 and 3.7 indicate that the mass loss rate and energy release rate per
unit area may be linearly dependent on the net heat flux. In the Cone Calorimeter, the

net heat flux to the sample is

dre =(-a;)q., +47 -4, (3.8)
where o is the flame absorptivity, §” .x is the external heat flux provided by the Cone
heater (kW/m?) and ¢" ris the total incident heat flux from the flame including both
radiant and convective heating (kW/m?):

9,=9%, +4q7.
and ¢" . is the heat ﬂux‘lost due to re-radiation (kW/m?) from the heated material
surface. Therefore, it would be advantageous if the heat flux from the flame, ¢” 5 and
the re-radiant losses, ¢” ,», can be determined to be constant over a range of external

heat fluxes thereby producing a heat of gasification value that is linearly dependent on
the external heat flux alone. This linear dependence will allow effective heat of

gasification values to be extracted from the Cone data.

29




800

—— Experimental
= Predicted

o) =
S o
S S
J

N

£
2
<
[
E ,
£ 500 | . AH
= 1 G er
. L
g 400 |
D
s ]
~ 300 |
& ]
o )
g 200
B
by 1)
2 100 \
=
O T T | S — : Lo : ' A B S ey S s S
0 50 100 150 200 250 300 350 400

Figure 3. 8: Example of a Typical Energy Release Rate per Unit Area (Q") Prediction:
R 4.08, 3-Layer Polycarbonate Panel at 50 kW/m’ in the Cone Calorimeter.

Using Kirchhoff’s law [20] the absorptivity of the flame can be determined to be
equal to the flame emissivity:
Ay =&y
where & is the emissivity of the flame. Quintiere and Rhodes [42] and Rhodes [43]
demonstrated that the flame volume for materials burning in the Cone Calorimeter can
be approximated as a tall, vertical cylinder and that the emissivity can be approximated
by:

~ -«,,
gf =]-e
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where «is the absorption coefficient (m™) and J,, is the mean beam length (m). For tall,
semi-infinite cylindrical flames with height (z) greater than twice the sample width (d),
the mean beam length for radiation to the base of the cylinder (the surface of the sample
material) is approximately 0.65-d[20]. Therefore for flames of height z greater than 2d,
the flame emissivity is approximately constant and a relatively low value—Rhodes
calculates 0.09 for PMMA burning in the Cone Calorimeter. Since the flame emissivity
is so low, the flames are very transparent and very little of the external heélt flux from
the Cone heater is absorbed. Therefore most of the external heat flux is transmitted to
the sample.

Quintiere and Rhodes also indicate that the total ﬂame heat flux (¢" ) from
thermoplastic materials burning in the Cone Calorimeter can be considered to be
constant for different external heat fluxes. The radiant portion of the flame heat flux is

q;, =& faT;
where ois the Stefan-Boltzmann constant (5.670 x 10" kW/m*K*) and T} is the flame
temperature (K). The average flame volume temperature for a burning material can be
considered to be relatively constant resulting in a constant "z, value. For example,
black PMMA burning in the Cone has a constant flame temperature of approximately
1400 K and an associated radiant flame heat flux of approximately 20 kW/m? [43].
This does not imply that all materials have identical radiative heat fluxes from the
flames ,but that for a particular burning material, the radiant heat flux is relatively -
constant.

Rhodes work also indicates that the convective heat flux to a sample in the Cone

Calorimeter is relatively constant as well, but can decrease slightly as the burning rate
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increases. An increase in the burning rate will produce a “blocking factor” which acts
to effectively reduce the convective heat transfer coefficient (h;). Rhodes determined a
convective heat flux of 15 kW/m’ for black PMMA in the Cone, assuming a blocking
factor of 1 (the burning rate, 7", approaches 0).

The burning rate of the LSF materials does increase with the external heat flux,
however this increase appears to be small enough that this decrease in ¢” ;. can be
neglected. Therefore, since both the radiative and convective portions of the flame heat
flux are approximately constant for tall flames (z > 2d), the net flame heat flux incident

to materials burning in the Cone Calorimeter, ¢”  can be considered to be constant.

The re-radiant heat losses from the material surface (4" ,») can be expressed as
q" =¢,0T;
where &, is the emissivity of the material surface and 7 is the surface temperature of the
material (K). For this analysis the surface emissivities of the burning materials are
approximated as being equal to 1. Since most materials will either darken, warp, melt
and even char when burning, this is a reasonable approximation.

Rhodes work and work done by Hopkins and Quintiere [19] suggests that the
surface temperature for burning thermoplastic materials in the Cone is constant. This
surface temperature represents the vaporization temperature of the material (7;) which
is approximately constant and can be approximated as being equal to the ignition
temperature (T;;). Although the vaporization temperature is slightly higher than the
ignition temperature for most thermoplastic materials, this appears to be a reasonable
assumption based on the currently available data for thermoplastics. This implies that

the reradiation losses from the sample are relatively constant over different external heat
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to 300 kW, all of the ceiling material had fallen to the floor. The test went for the full
20 minutes without reaching the 1,000 kW indicative of flashover. In fact as Figure 4.8
indicates, the energy release rate never rose above 400 kW. This material acted much
the same way as the clear acrylic glazing, R 4.06, in that it melted and fell off the walls
and ceiling in soft sheets. At the conclusion of the test the ceiling panels and most of
the wall panels had melted and were lying on the floor in piles.

The prediction of the fire growth for the PVC indicates very little energy release
rate during the early portion of the test. However after the ignition burner is increased,
the model predicts flashover after 2 minutes. The Q” value was reduced by 50% and
70% to determine if the extensive melting and softening of the PVC sheets could be
predicted. As Figure 4.8 suggests, the adjusted Q” values better predict the fire growth,
but still indicate peak energy release rates of 1100 and 900 kW, respectively.

As mentioned above, materials that tend to melt, soften and pull away from the
walls and ceiling are extremely difficult to model. The methodology of reducing the
energy available as the material melts is not very appropriate when entire sheets of the
material melt and fall to the floor. The procedure for developing adjusted properties for
these types of materials needs to be seriously addressed if any attempt at accurate

modeling is going to be conducted.
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Figure 4. 8: Full-Scale Energy Release Rate for R 4.07 Fire Retarded PVC.

4.3.7 R 4.08, 3-Layered, Fire Retarded Polycarbonate Panel

The ceiling panels above the ignition burner began to deform 15 seconds after
ignition of the burner. After 60 seconds melted material from the walls and ceiling
were forming into droplets. There did not appear to be ignition or burning of any
material besides in the vicinity of the ignition burner. This limited burning allowed the
energy release rate to reach approximately 275 kW, but this rate quickly reduced to a
Jevel just above the baseline energy release rate from the burner. After the energy
release rate increase of the ignition burner at 10 minutes, the polycarbonate panels
began to soften and move away from the burner flame. Figure 4.9 reveals that very
little burning occurred throughout the duration of the test except for a small burning
pool of melted material near the burner. After the test all of the ceiling and a majority

of the walls had melted and fallen to the floor.
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Three-layered polycarbonate paneling poses a similar modeling challenge to the
acrylic glazing and the PVC. The initial run of the model predicted material ignition
after 120 seconds and a | MW energy release rate after 230 second. As before, the total
energy per unit area value was reduced by 50% to simulate the melting of the panels.
This adjustment provided the same prediction as with the original value. Decreasing Q”
further (20% of the original value) indicated a slight energy release rate increase
followed by burnout and no significant heat release. However, after 10 minutes, the
300 kW ignition burner cause flashover after 70 seconds. Therefore, Q” was reduced
further still. At 10% of the original value, 5.8 MJ/m’, the model predicted an increase
to a peak energy release rate of about 800 kW after 700 seconds followed by a decrease

and no significant heat release for the duration of the test.

4.3.8 R 4.09, Varnished Massive Timber

The lacquer finish ignited after 25 seconds and after 45 seconds the ceiling
above the ignition burner had ignited. At approximately 90 seconds, flame spread down
the walls clearly observed. Ten seconds later, the energy release rate was over 1 MW
and ten seconds after that flames were observed out the doorway. After
extinguishment, the entire ceiling and about 50% of the walls were charred. The lower

half of the walls were slightly discolored but generally undamaged.

73




2000

] - 3 J-—-—-ﬁl‘ i’mdicted
1800 1 ; 2. Predicted (0.5Q")
S 1600 - Ceiling panels e 3, Predicted (0.2Q") |
= 1400 above burner are e 4 Predicted (0.1Q") |
2 , deformed (15 5) Full-Scale Test |
< 1200 - _
& Melted material L R
& 1000 1 forming into Matt?nahsmefl;mg :‘d
B moving away irom the
5 800 droplets (60's) burner flame (620 s)
S 600 |
]
2 400 {
200 +
0 AT i e a T ST W
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
Time (s)

Figure 4. 9: Full-Scale Energy Release Rate for 3-Layered, Fire Retarded
Polycarbonate Panel, R 4.08.

The initial run of the model predicts a minimal energy release rate
(approximately 160 kW) during the first ten minutes of the test. Twelve seconds after
the ignition burner heat flux is turned up, the energy release rate exceeds 1,000 kW.
This poor fire growth prediction is no doubt due to the unusually high peak and peak
average heat of gasification values for massive timber (as mentioned in Section 3.5).
Therefore the overall average value of 6.5 kJ/g was used. This value provided a fire
growth prediction that was more consistent with the full-scale test data but with an
approximately 35 second difference in the times to flashover. The heat of gasification
was then arbitrarily increased to 9.0 kJ/g in order to determine the appropriateness of
the overall average value and the sensitivity of the model. As Figure 4.10 indicates, this

increased L value provides an extremely accurate prediction of the full-scale test. A
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heat of gasification value of 9.0 kJ/g is completely arbitrary but indicates that although

the Loveral avg, USed is not too far off, a higher value may be more appropriate.
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Figure 4. 10: Full-Scale Energy Release Rate for Varnished Massive Timber, R 4.09.

4.3.9 R 4.10, Fire Retarded Plywood

The room-corner test for fire retarded plywood showed a limited energy release
rate for the first ten minutes. The ignition burner flames merely darkened and charred
the material located in the corner. Ten seconds after the ignition burner was increased
to 300 kW, extensive flame spread across the ceiling was observed. After 630 seconds
the energy release rate reached 1 MW and 5 seconds later, flames were observed
coming out the door. After 645 seconds, flames were spreading down the walls.

As Figure 4.11 indicates, the model does a good job of predicting the

performance of the fire retarded plywood. However, the dependence of flashover on
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the increase of the energy release rate form the ignition burner does not provide a great
deal of insight into the appropriateness of the material properties used. Therefore it
must be assumed that the properties derived for the Cone for fire retarded plywood are
reasonably legitimate and can be used to predict performance in the ISO 9705 room-

corner test.
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Figure 4. 11: Full-Scale Energy Release Rate for Fire Retarded Plywood, R 4.10.

4.3.10 R 4.11, Normal Plywood

The plywood ignited 45 seconds after ignition of the burner. Another 45
seconds later 50% of the ceiling was ignited and flames were beginning to spread down
the walls. At 134 seconds flames were observed out the door and after another 4
seconds the energy release rate reached 1,000 kW. After the test, most parts of the

walls and ceiling were charred.
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The model does a reasonable job of predicting the flashover of the plywood but
underestimates the time by about 30 seconds. To determine the appropriateness of the
Lpeak avg. by the energy release rate method and the sensitivity of the model to this value,
the Lyeak avg. value by the mass loss rate method (8.0 kJ/g) is used. Figure 4.12 reveals
that this increased L value provides a slightly better prediction of the performance of the
plywood. Although the heat of gasification derived from the mass loss data provides a
better prediction than the energy release rate data, both predictions demonstrate the

hazardous nature of normal plywood and the rapid flashover that results.
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Figure 4. 12: Full-Scale Energy Release Rate for Normal Plywood, R 4.11.

4.3.11 R 4.20, Fire Retarded Expanded Polystyrene Board (40 mm)
The expanded polystyrene board began to melt quickly after the ignition burner

was ignited. Burning, melted droplets were observed after 20 seconds and melted
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material was running down the walls after 40 seconds. After 80 seconds, polystyrene
was dripping from the entire ceiling. About 4 seconds later the energy release rate
reached 1 MW and a few flames were observed coming from the doorway. As Figure
4.13 indicates, the energy release rate from the fire then quickly reduced and remained
close to the ignition burner energy release rate for the duration of the test. A slight
increases occurred immediately after the increase of the ignition burner due to melting
material burning away, but this increase was small and short lived. After the test almost
all of the polystyrene was burned or melted from the walls and ceiling.

Despite the substantial melting that occurred, the model does an excellent job of
predicting the performance of the expanded polystyrene with flashover occurring after
90 seconds. The reduced Q" value which was used to simulate melting—30% of the
original value—also provides a reasonable prediction, but with a slightly longer time to
flashover. The model is able to accurately predict the flashover of the expanded
polystyrene because although the material begins to melt soon after the test begins, it
does not fall from the walls and ceiling in large pieces or sheets. Although melting
droplets begin to fall from the entire ceiling, there is still enough material available to
produce an energy release rate above 1 MW. However, once this high energy release
rate is reached, most of the material has melted away and there is not enough to sustain

burning.
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Figure 4. 13: Full-Scale Energy Release Rate for Fire Retarded Expanded Polystyrene

Board (40 mm), R 4.20.

4.3.12 R 4.21, Fire Retarded Expanded Polystyrene Board (80 mm)

Like the 40 mm board, the 80 mm expanded polystyrene began to melt quickly

in the room-corner test. After 15 seconds the material above the ceiling began to melt

and melted material was running down the walls after 30 seconds. After approximately

105 seconds material was dripping from the entire ceiling, flames were coming out the

doorway and the energy release rate reached 1 MW. Immediately after flashover the

energy release rate rapidly reduced—approximately 50% of the walls had been

consumed or melted. For the next 7 minutes burning polystyrene was minimal and

could only be seen in the ignition burner corner. After the ignition burner was increased

to 300 kW, the melted material immediately next to the burner ignited and caused a

slight increase in the energy release rate. As Figure 4.14 indicates, the fire began to
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decay just like the 40 mm polystyrene board but then rapidly grew and exceeded 1,000
kW again at 798 seconds.

The initial prediction made by the model shows the same rapid fire growth as
the full-scale test but happening approximately 3 minutes later. The heat of gasification
used for this prediction, 12.7 kJ/g, seemed relatively high, especially when compared to
the L value for the 40 mm board, 7.3 kJ/g. Therefore, in order to determine the
accuracy of the heat of gasification, the lower value was used. This prediction provided
good agreement with the initial energy release rate peak from the test, but did not
demonstrate the decay and subsequent rise. This seems to indicate that the Lpeax avg. by
the energy release rate method used may be too high for the material. Since there seems
to be no consistency between the L values for the 40 and 80 mm polystyrene boards, no
definitive judgement can be made on which value represents the most appropriate value
for this type of material.

The total energy per unit area was reduced to simulate the melting of the
polystyrene, but did not provide an accurate prediction. As with the 40 mm expanded
polystyrene board, the melting of the material does not seem to be as critical a factor as

with the extruded polystyrene, R 4.05. This difference remains unexplained.
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Figure 4. 14: Full-Scale Energy Release Rate for Fire Retarded Expanded Polystyrene
Board (80 mm), R 4.21.

4.3.13 Time to Reach Flashover

As mentioned above the key factor for determining material performance in the
room-corner test is the amount of time that it takes the burning material to take the room
to flashover or an energy release rate of 1,000 kW. Table 4.2 shows the time to reach 1
MW for the full-scale tests and the predictions by the model. The “Basic Predictions”
represent the use of the “peak average™ heat of combustion and heat of gasification
values for all materials. The “Adjusted Predictions” represent the time associated with
a particular adjusted material property. The purpose of these adjusted predictions is to
indicate the sensitivity of the model, analyze potentially erroneous material properties
and to provide a possible means for handling materials that melt, drip and are generally

poorly represented in the room-corner test. It should be noted that an adjusted
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prediction that is in excellent agreement with the full-scale test might be due to an
arbitrary sensitivity adjustment to a material property and might not be necessarily

legitimate.

Table 4. 2: Comparison of the Time to Reach Flashover (1,000 kW) for the Full-
Scale Room-corner Tests and the Model Predictions.

Time to Flashover, Q0 = 1,000 kW (s)
Material Full Scale Basic Adjusted Adjusted
Prediction | Prediction | Material Property
R 4.01, FR. Chipboard 0 0 1113 L=45kl/g
R 4.02, Gypsum 0 666 © 1.5:Lor 0.5-Q"
R 4.03, PU/Alum. 40 - - -—--
R 4.04, PU/Paper - 9 22 03:Q" &£2.0-L
R 4.05, Ext. PS40 96 & 614° 64 99 0.22:0"
T 616 0.15-Q"
R 4.06, Acrylic 141 27 50 3.0-.L
730 0.5-Q"
R 4.07,FR. PVC ) 726 © 03-0"
669 0.2-0"
R 4.08, 3-Layer PC o0 230 © 0.1-0"
. 62 L=6.5kl/g
R 4.09, Mass Timber 104 612 100 L=9.0kl/z
R 4.10, FR. Plywood 631 601 ———- -—--
R 4.11, Plywood 138 108 131 L=8.0kl/g
R 4.20, Exp.PS40 84 90 118 0.3-0"
. L=73kJ/
R 4.21, Exp.PS80 107 & 798 268 égg 030" 8

* Energy release rate (Q) exceeded 1,000 kW more than one time.
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4.4 Lateral Flame Spread

In order to determine the sensitivity of the lateral flame spread, the material’s
were modeled with the minimum temperature necessary for flame spread (7, min)
reduced to ambient (20 °C). The results of these predictions were almost identical to
those presented above—using the T min détermined from test methods. In fact, the
times for the room to reach 1 MW were identical or within +1 second. This indicates
that the lateral flame spread does not play a very significant role in the predicted
performance of the LSF materials in the ISO 9705 protocol. This may be true for all
materials, however further testing and analysis would have to be conducted to eliminate

lateral flame spread as a significant form of flame spread and fire growth.

4.5 Large-Scale Room Fire Experiments

Previous room-corner testing has typically been conducted using the standard
2.4mx3.6 mx2.4 mroom. Inan attempt to determine whether Quintiere’s fire
growth model can accurately predict the fire growth of materials in a different size
compartment, results from a significantly larger test room are compared to results
provided by the model.

Large-scale room fire experiments were conducted by Kokkala, Goransson, and
Séderbom at the Technical Research Center of Finland [28]. These experiments
involved a test room which was 4.9 m high, 9.0 m wide and 6.75 m deep. A 2.0 m by
2.0 m door was provided in the center of the longer wall. The ignition source consisted

of three 0.17 m x 0.17 m propane gas burners, as specified by the ISO 9705 Room-
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Corner Test standard [22] and as shown in Figure 4.15. The ignition source for the first
twenty minutes of the test are identical to the procedure proposed by the ISO standard:
100 kW for 10 minutes followed by 300 kW for an additional 10 minutes from the
central burner. However, after 20 minutes the energy release rate was increased to 900

kW using all three of the burners.

Single 0.17 m Square
/ Propane Gas Burner:
Used for 100 & 300 kW
\— All Three Burners:

Used for 900 kW

Figure 4. 15: Large-Scale Test Ignition Burner Used by Kokkala ez. al.

The five materials tested in the large-scale room experiments are as follows:

« Textile wall covering on gypsum board.
« Combustible facing on mineral wool.

« Fire retarded particle board, Type B1.

« Ordinary birch plywood.

« PVC wall covering on gypsum board.

The walls and ceiling of the large room were lined with material except for the lower
portions of the wall farthest from the ignition burner corner. The ignition, flame spread
and energy release properties for the materials were obtained from the work by

Quintiere, Haynes and Rhodes [37] and are presented in Table 4.3.
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Table 4. 3: Ignition, Flame Spread and Energy Release Properties of the EUREFIC
Materials.

Material Z;l:g Tf’"c"m (le/‘rlr?fK)zs kw(gm3 fJ/ch kf;g M%m2
TEXT./GYP

BOARD 386 189 0.97 7.7 7.5 3.1 9.5

Comb. Min. Wool | 354 263 0.11 0.86 11.0 92 1.7

FR Part. Board 482 482 0.29 —— 39 1.4 5.5

Birch Plywood 392 164 0.99 13 11.9 6.2 75.5
PVC/Gyp Board 391 367 0.69 8.2 6.5 3.3 11.0

The flame height for a 900 kW ignition source using the burner shown in Figure
4.15 is determined using the correlation by Hasemi provided in Section 6.1.1. The
flame heights typically used in the model for 100 kW and 300 kW (1.3 mand 3.6 m
respectively) are based on approximations of the continuous flame region [36].
Therefore the continuous flame height for the 900 kW fire was determined to be 5.86 m
above the burner which represents a height of 5.94 m above the floor.

The full-scale test results are compared with the model predicted results in
Figures 4.16 to 4.20. The comparisons are merely based on a visual comparison of the
energy release rate since the 1,000 kW flashover criteria for the standard room is based
on geometry and not on ignition burner exposure. No flashover criteria for the large
room used in these experiments was available to provide a more detailed analysis.
However, the model predicted results seem to provide good agreement with
experiments for the combustible faced mineral wool, fire retarded particle board and the
PVC wall covering.

The textile wall covering shows reasonable agreement, but the times to a peak
energy release rate differ by about 15 minutes. The model predicts an energy release

rate in excess of 1200 kW after the ignition burner was increased to 900 kW after 20
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minutes while a rate of over 3 MW was measured in the full-scale test. The model
predicts incredibly rapid fire growth after about 35 minutes but the full-scale
experiments had been stopped by that point due to a substantial decrease in the energy
release rate. The reasons for these differences remain unexplained and may possibly be
due to the thermoplastic nature of the material. However, the results obtained are the
opposite of what has typically seen for foam and plastic materials—the full-scale results
are usually much lower than the predicted results due to melting, deformation and
dripping.

Surprisingly, the predicted fire growth for the birch plywood is inconsistent with
the full-scale results. The model predicts “flashover” immediately following the
ignition burner energy release rate to 300 kW while the plywood in the large-scale room
did not reach a peak rate until after 19 minutes. The standard room test predictions
indicated excellent agreement for normal plywood (R 4.11) and other charring
materials. These differences, as well as the differences seen with the textile wall
covering, may also be due to the method in which the flame height from the 900 kW
burner was determined. A detailed analysis of the ignition burner flame height and

incident heat flux is provided in Section 6.
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Figure 4. 16: Large-Scale Energy Release Rate for Textile Wall Covering on Gypsum
Board.
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Figure 4. 17: Large-Scale Energy Release Rate for Combustible Facing on Mineral
Wool.

87




2000

( oo Prediction |
| Large-Scale Test
i 1500 |
@
Q
% 1000
- 1
2
g
=
s
£ 500 |
i ~
frxh;thw v ;/x[\’\
0 " ‘/1 \ T * ; T t T - ‘ T T t T y t T
0 300 600 900 1200 1500 1800 2100

Time (s)

Figure 4. 18: Large-Scale Energy Release Rate for Fire Retarded Particle Board, Type
Bl1.
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Figure 4. 19: Large-Scale Energy Release Rate for Ordinary Birch Plywood.
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Figure 4. 20: Large-Scale Energy Release Rate for PVC Wall Covering on Gypsum

Board.
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5. FIRE GROWTH CORRELATION

5.1 Upward Flame Spread Acceleration Factor

The spread of flame can be viewed as a critical event that is dependent on the
exposure conditions and material properties. This idea of criticality is that a burning
material reaches a point at which it will either grow exponentially or burn out. The
potential for the flames to spread becomes a balance of the fuel being heated to ignition,
the consumption rate of the fuel and the amount of fuel available [31]. The ébility ofa
material to take a room to flashover and the time associated with the onset of that
flashover can be expressed in terms of the upward acceleration of the flame spread.
Cleary and Quintiere [9] have developed an empirical parameter () which can be used to
examine the growth of a flame in the standard 2.4 m x 3.6 m x 2.4 m room based on

material fire properties:

b=k, Q" —1-t./t,
where ;s a flame length coefficient (m?/kW), Q" is the energy release rate per unit area
(kW/m?), ;¢ is the predicted time to ignition (s) and # is the predicted burnout time or
burning duration (s). The flame length coefficient is based on a linear approximation of

the flame length based on wall fire data and is approximately equal to 0.01 m’/kW [9].

The energy release rate per unit area of material is calculated by

or=2c (42 —o1?)
L

where AH and L are taken as “peak average” values (from Table 4.1), oT,¢" represents
re-radiant heat flux loss from the surface of the material and §” g is the incident heat flux

to the pyrolysis region from the ignition burner flame. This heat flux controls the ignition
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of the material and is taken to be constant over the height of the ignition burner flame and
equal to 60 kW/m? [36].

The time to material ignition for the spread of flame can be predicted by

2

1, =Zkpe| ~5 2 (5.1)

where kpc and T, come from Table 4.1, 7y is the original surface temperature of the
material (= 20 °C) and §"is the heat flux from the extended wall flame. This extended

flame heat flux controls upward flame spread and is taken to be approximately 30 kW/m’
[36].

The burnout time for a material can be predicted by

. fb=.—'

0"
where Q” is the total energy per unit area of material calculated in Section 3.5.

The b parameter for a material can indicate the tendency of the flame to accelerate
towards flashover (b > 0) or decay until the material burns itself out (b <0). Values of b
that are close to zero are considered to be “borderline” materials. This borderline region
represents materials where small changes in either the material properties or the exposure
conditions can affect the outcome. The time to flashover from the full-scale experiments
(tp) is plotted against the upward flame spread factor in Figure 5.1. The small cluster of
points just above ;, = 600 s are those materials that did not flashover until the ignition
burner was increased to 300 kW.

The time to flashover can also be normalized by dividing it by the time to ignition

which is represented by
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This dimensionless relationship is plotted with respect to b in Figure 5.2

Figures 5.1 and 5.2 represent the culmination of b values for 13 materials tested in
Sweden, 10 materials from the EUREFIC program [25, 37] along with the 12 LSF
materials analyzed here: the material numbers are proceeded by an “S”, an “E” and an
“R”, respectively. The
presented in Section 4.5 are not included in this correlation.

It can be seen that the materials generally follow the empirical correlation. At
low, negative b values, most of the materials will not go to flashover (f;, — ©). Asthe b
number increases towards positive, the time to flashover decreases. For increasing
positive b values the time to flashover appears to be asymptotically decreasing towards 0.
The region of borderline materials can also be seen between b values of approximately —1
and 1.

The only materials that do not seem follow the empirical correlation are the
polyurethane foam panel with aluminum facing, R 4.04, and acrylic glazing, R 4.06. The
polyurethane foam does not fall in line with the other data points only in Figure 5.2. This
is due to the incredibly low ignition time of 2 seconds which is calculated from Equation

5.1 using the material properties for the paper faced foam, R 4.03. Since ignition of the

foam did not occur in the room-corner test until after the aluminum facing became

damaged at 14 seconds, the calculated 7 value is much lower than expected.

The acrylic glazing did not exhibit a huge deviance from the correlation but a

shorter time to flashover was expected for such a high » number. This difference is most
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likely due to the glazing being such a thin material. As mentioned previously, thin
materials tend to have short burn times and are therefore sensitive to changes in material
properties and exposure conditions. The glazing probably experienced a great deal of
local melting in the vicinity of the ignition burner, which most likely extended the times
to ignition and flashover beyond the predicted value.

Surprisingly, even materials that tended to melt, soften, deform and fall off of the
walls are well predicted by the b factor correlation. Therefore, it can be impiied that this

empirical result gives an extremely good categorization of the flashover potential in the

ISO 9705 room/corner test.
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Figure 5. 1: Time to Flashover as a Function of the Flame Spread Acceleration Factor.
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Figure 5. 2: Dimensionless Time as a Function of the Flame Spread Acceleration Factor.

5.2 Burnout Time Considerations

The correlation by Cleary and Quintiere [9] indicates that the ratio of the energy

release rate of the material, O, to the energy release rate of the burner, Q, , is equal to

9 _ [0+ a)? e —1 for 1<T<Ty+1
Q a

(5.2)

fort>T,+1

9 _
0,

{[(1 +af (e J} et

where 7 and 7 are the dimensionless time and burnout time, respectively:
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The dimensionless parameter a is calculated by

a=ka"—1 :

with krequal to 0.01 m*/kW, and

Kim [25] also shows that Q/ Q, is a function of the material fire properties:

BQ” ~ fla, a(T-1), a*Th, b(T-1-Ty)}

where the empirical b parameter is based on the final parameter, b(‘t w1=T, ) Fora
typical flashover energy release rate of 1,000 kW
—.—Q— = constant

o

Therefore, for small values of Ty:
b(z‘o——l—z',,)zconstant for T, > (T + 1)

Based on this empirical correlation, when 7, —1-7, is plotted with respect to b, the

data should provide a hyperbolic relationship with the y-axis, x = 0, being the vertical
asymptote. As Figure 5.3 indicates, the data does indeed indicate a hyperbolic

relationship with those values below approximately -1.25 indicating infinite values.
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