NIST-GCR-98-753

Determination of Properties and the Prediction of the
Energy Release Rate of Materials in the ISO 9705
Room-Corner Test

S. E. Dillon, W. H. Kim and J. G. Quintiere
Department of Fire Protection Engineering
University of Maryland

College Park, MD 20742

NIST

United States Department of Commerce
Technology Administration
National Institute of Standards and Technology



NIST-GCR-98-753

Determination of Properties and the Prediction of the
Energy Release Rate of Materials in the ISO 9705
Room-Corner Test

Prepared for
U.S. Department of Commerce
National Institute of Standards and Technology
Gaithersburg, MD 20899

By
S. E. Dillon, W. H. Kim and J. G. Quintiere
Department of Fire Protection Engineering
University of Maryland
College Park, MD 20742

June 1998
Issued July 1998




Notice

This report was prepared for the Building and Fire Research Laboratory
of the National Institute of Standards and Technology under grant number
60NANB2D1266. The statement and conclusions contained in this report
are those of the authors and do not necessarily reflect the views of the
National Institute of Standards and Technology or the Building and Fire
Research Laboratory.

ii



DETERMINATION OF PROPERTIES AND THE
PREDICTION OF THE ENERGY RELEASE RATE
OF MATERIALS IN THE ISO 9705 ROOM-CORNER TEST.

S. E. Dillon, W. H. Kim and J. G. Quintiere
Department of Fire Protection Engineering

University of Maryland
College Park, MD 20742

INTERIM REPORT

June, 1998

Prepared for:

U.S. Department of Commerce
National Institute of Standards and Technology
Laboratory of Building and Fire Research
Washington, D.C. 20234



Determination of Properties and the Prediction of the Energy Release Rate of
Materials in the ISO 9705 Room/Corner Test

S. E. Dillon, W. H. Kim and J. G. Quintiere

ABSTRACT

A simulation model is implemented in order to predict the performance of
materials in the ISO 9705 Room-Comner 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 per unit area.
These methods were developed from refinements in the theoretical model of ignition and
in resolving time dependent effects in the Cone Calorimeter. The materials examined
consist of some of the worst behaving since 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 per unit area content 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 very good correlation to the
flashover time in the full-scale ISO test.

Keywords: simulation, fire growth, room-comer test, material fire properties.
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Determination of Properties and the Prediction of the Energy Release Rate of
Materials in the ISO 9705 Room-Corner Test

S. E. Dillon, W. H. Kim and J. G. Quintiere

1.0 INTRODUCTION

Room-comer tests have originated because of the lack of confidence in traditionally used
standard flammability tests to determine the fire hazard of interior finish materials for walls and
ceilings. Traditional standard tests give an index rating that is related to hazard. The measure of
performance in the full-scale room test is usually the time to flashover or the rate of energy release
produced during the fire growth on the material. Other factors include the extent of spread and the
temperature and heat flux in the room. Various acceptance criteria have been proposed for this test
protocol.

1.1 Room-Corner Tests
Several formal test protocols are in use, and they shall be summarized here. They include

tests listed by American Society of Testing and Materials (ASTM), Uniform Building Code (UBC)
and International Standandards Organization (ISO).

1._ASTM Proposed Method for Room Fire Test of Wall and Ceiling Materials and Assemblies

Room: 2.44 x 3.66 x 2.44 m high

Door on short wall: 2.06 x 0.76 m wide

Burner: 0.30 x 0.30 m square sand burner with face 0.30 m above floor, propane fuel
Location: Corner, in contact with both walls ("edge of the diffusion surface shall be 2.5

cm from the wall", however it is not clear if this practice is followed, and we shall regard the

bumner as flush with the walls).

Ignition: 40 kW for 5 min. followed by 160 kW for 10 min.

2. Uniform Building Code Standard No. 42-2
Standard Test Method for Evaluating Room Fire Growth Contribution of Textile Wall Coverin

Room: 2.44 x 3.66 x 2.44 m high
Door on short wall: 2.06 x 0.76 m wide
Burner: 0.30 x 0.30 m square sand bumner with face 0.30 m above floor, propane fuel
Location: Corner, with the diffusion surface 5 cm from each wall (the diffusion surface is
0.6 cm from the bumner edge due to the steel wall thickness, however we shall regard it as

displaced 5 cm).
Ignition: 40 kW for 5 min. followed by 150 kW for 10 min.



3. ISO 9750. Fire Tests - Reaction to Fire - Full-scale Room Fire Tests for Surface Products,
International Standards Organization

Room: 2.40 x 3.60 x 2.40 m high

Door on short wall: 2.00 x 0.80 m wide

Burner: 0.17 x 0.17 m square sand burner with face 0.15 m above floor, propane fuel
Location: Corner, in contact with both wails.
Ignition: 100 kW for 10 min. followed by 300 kW for 10 min.

In the ASTM and UBC tests, the material is mounted on 13 mm thick ordinary gypsum board
along three walls opposite the doorway. Also, 2 ft. Strips can be used in the UBC test enstead of
covering the full wall. In the ISO and ASTM tests , the material can also be mounted on the
ceiling.

As can be seen from these three test procedures, a primary difference in the test is the
burner ignition source. Results show that the energy release rate of the burner and its heat flux to
the wall along with the duration of the exposure make a difference in the performance of the
material. This is particularly true for thin materials, such as wall coverings, which can burn-out
during the application of the burner ignition pulse. Although the energy release rate of the corner
burner can be the same or similar, as in the ASTM and UBC tests, the burner positions from the
wall are different. This results in different burner heat fluxes which influence ignition and energy
release rate.

Research has been conducted since 1991 on developing and examining a fire growth
simulation model to predict the material performance in such room corner tests [1-7]. These
applications include the ISO and the UBC tests.

For analyes of the Boras and Eurific program results [ ], it was found that plausible
variations within the range of uncertainties in the material property data could sometimes make a
significant dififference in the time to reach 1 MW or flashover. The biggest differences occurred
for the thin materials in which burnout was a factor. In the textile tests, burnout was always a
factor, and the predictions are not as accurate as for thick materials. Moreover, the ignitor was
found to be a more critical variable, in that a high heat flux ignitor could lead to early burnout, and
then no subsequent propagation. But a lower heat flux ignitor would have the opposite effect. The
duration of the ignitor is also felt to be important {16 ]. In both the UBC and ISO protocols, the
ignitor procedure is fixed. The risk in these tests is that the ignitor scenario of the test does not tell
the entire story of the potential fire hazard. A predictive model, even without high accuracy, can
give a much broader perspecitve on the nature of the hazard.

: When the model was first developed, the philosophy was to include the most obvious
significant features of the fire growth process. As we became aware of more significant effects,
then the need for a more elaborate or appropriate model became apparent. Unfortunately, most of
the full scall results have not included information on the dynamic flame spread processes in their
presentation of results. The burn patterns recorded in the UBC tests were valuable in this regard,
and suggest the need for improvement on the lateral and downward spread effects.




1.3 Current Model

The simulation model computes the wind-aided (upward and ceiling jet) flame spread and
opposed flow (lateral and downward) spread. It also computes the corresponding burn-out fronts.
These fronts are then used to construct the burning region as shown in Figure 1.1. Room thermal
effects are included as an enhancement to spread, oxygen depletion is not included. These thermal
and vitiation effects could be included more completely, but the spread process has been found to
be relatively insensitive to room conditions until flashover is neared.

l‘-yp-H —T

- ye-H = 1

CEILING JET

0.08 H
B A
Zp ?
——{PYROLYSIS | H=24m

{BURNOUT |

Yp,o

Figure 1.1. Simulation model features



The model has proven to yield good, but not perfect, overall results. It is also clear that for
some materials, relatively small changes in their properties can lead to very dramatic differences in
the full scale test predictions. This is particularly true for the thin or small burn time materials.
This is likely not a mathematical artifact, but a real indication that some materials are on the
threshold of a critical condition, namely the brink of flashover. This threshold is not only
dependent on the material, but on the test protocol. Most importantly, a key variable is also the
ignitor burner prescription. We have seen that small changes in the burner heat flux has also led to
a case of from no propagation to one of flashover for a textile wall material. The effect was also
observed in actual tests.

1.4 Project Objective and Goals

Objective: The proposed research seeks to develop and assess a simulation model to predict the
fire growth on commercial materials used in construction and finish applications.

In order to advance the accuracy and confidence in the simulation model, we have proposed
to do work in three categories:

1. Technical improvements
2. Code improvements
3. Simulation performance against new databases.

1.4.1 Technical Improvements

Several aspects of the simulation model can be improved. These are based on experience
with our tests against data, and are based on advances in our understanding of igntion sources.

Several studies have examined the heat flux from controlled fires to vertical walls [11-13].
These provide correlations for the heat flux in terms of the energy release rate and arrangement of
the fire. This heat flux information has been found to be very important for the performance of
materials in the room-comer scenario, and more generally for wall fire spread. More experimental
results are needed in this area, and are viewed as crucial for these problems. We believe that the
prediction of such heat fluxes is beyond the state of the art, and only experimental correlations are
practical solutions in the near future. We have examined the available correlations and will
eventually develop an improved algorithm foro the simulation model. We have also embarked on
an experimental study with L S Fire Laboratories to map out the wall heat flux in the ISO Room-
Cormer Test Method over a range of burner power outputs and diameters. We hope to report on
this work in several months.

The second major goal was improvement of the the lateral and downward flame spread
model based on the local radiative heat flux distribution. We have skirted this issue since test runs
of the model have demonstrated little effect of the lateral and downward spread contributions in the
ISO protocol.

1.4.2. Code Improvements

Over time, the code has become more cluttered as more scenarios have been considered.
This involves the location, duration, and energy release rate of the burner; and the distribution of
the materials on the walls and ceiling of the room. In addition, the input and output of the code
has not lent itself to ease of use or analysis. Based on the performance of the code, it appears that
is is now time to invest in a structured computer code with graphical output suggestive of



presentation in Figure 1.1 along with other graphs of significance. We propose that this be done
with suitable student support having expertise in the computer sciences and programming areas.
We think we can secure this resource effectively and economically at the university. Such a
streamlined code will become more valuable, and presumably of benefit to the NIST/BFRL
program as we procede. We are planning this effort for the third year (98/99) of the study.

1.4.3. Simulation Evaluation

The previous database has included over 30 tests of materials in the ISO or UBC test
protocols. We have become aware of several more recent databases that would be available to us
in this study. These include full-scale results and bench-scale data to establish the needed material
property data. The databases include the following:

1. LSF laboratories, Italy: 12 construction materials, ISO test protocol

2. BRI (Hasemi), Japan: 19 “ “ «“

3. NIST/BFRL (Ohlemiller) 1 composite (vinyl ester glass) at nominally 30, 60 and 150
kW, comer test [14]

4. NIST/BFRL (Madrdzykowski) 3 exterior siding materials, corner test.

We would also attempt to use other data as available, such as the large 4.9 m high corner tests of
the EUREFIC series involving 5 more materials [15]. These databases would bring the entire
available set of corner configuration tests to over 70. This interim report will present the results of
the LSF database. It should be noted that the materials in that database were selected to challenge
the process. Many melt and drip, one is a three-layered hollow structure, and many do not
maintain their integrity with the wall and ceiling surfaces. We have also processed most of the BRI
data and will report on those results in the near future.



2. DESCRIPTION OF MATERIALS

Thirteen materials were provided to the University of Maryland, for prediction of
there performance in full-scale tests using a fire growth model. These materials are the
same as the ones tested in the Cone Calorimeter and Roland apparatus at the L. S. Fire
Laboratories (LSF), Moutano, Italy. Each material was tested five times at four different
external heat flux levels—25, 35, 40 and 50 kW/m’—for a total of twenty tests. The
energy release rate, heat of combustion and specimen mass with respect to time data from
the Cone tests are provided in Appendix A.1. These same materials were also tested
using the ISO 9705 room/corner test protocol at the Swedish National Testing and
Research Institute, Boras, Sweden [28]. 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 throughout this report. 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.
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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.
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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/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 4.06 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
light weight concrete walls and ceiling.

4.07

F.R. PVC

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 light
steel profiles spaced 40 mm from the light
weight concrete walls and ceiling.

3-Laycrcd F.R.

Polycarbonate Pancl




R 4.09 Varnished Massive Timber Paneling
- Thickness: 9 mm
- Area weight: 3.4 kg/m’
- Moisture content: 9.6 %
-  Mounting: Nailed to the light weight

concrete walls and ceiling.

4.09

lV-mlsh.d Mass 'I’Irnirl

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.

F.R. Plywood

R 4.11 Normal Plywood
- Thickness: 15 mm.
- 440 kg/m’ measured density
- Moisture Content: 11.3 %
- Mounting: Plywood was nailed to the
light weight concrete walls and ceiling.




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/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
ghued.
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3. 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, ISO 5660) and the Lateral
Ignition and Flame Spread Test (LIFT, ASTM E-1321, ISO 5658). However, for this
analysis the flame spread data was provided by the Roland apparatus instead of the LIFT
[26]. These modeling properties are listed in Table 3.1.

Table 3. 1: Material Modeling Properties.

Material Property Symbol Test Method

1. Ignition Temperature Ty Cone, LIFT or Roland

5. Minimum Temperature for Lateral T, min LIFT or Roland
Flame Spread

3. Thermal Inertia kpc Cone or LIFT

4. Lateral Flame Spread Parameter (7 LIFT or Roland

5. Effective Heat of Combustion AHc Cone

6. Effective Heat of Gasification L Cone

7. Total Energy per Unit Area [0 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
room/corner test.
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3.1 Ignition Properties

From ignition data we seek to determine the properties: (1) kpc, thermal inertia; and (2)
Tjg, ignition temperature. The LSF Cone Calorimeter data consists of five repeat tests at irradiance
levels of 25, 35, 40 and 50 kW/m2. No effort was made to determine the critical irradiance for
ignition (g, ) by experimental trial and error. Consequently, this value was found by extrapolation.

A modification of the ASTM E-1321 (LIFT) procedure was used to find kpc and Tig-
However, since (.. was not explicitly part of the data set, a variation of the procedure was used.

Background information needed to support this variation is presented below in terms of some new
theoretical results.

The radiative heating of a semi-infinite solid undergoing Newtonian cooling, h(Tg . T..),
results in a surface temperature:

T,-T, = %(1 — exp(T) erfc ﬁ) (3.1)
where T = h2t/(kpc),

q, is the incident heat radiative heat flux,
and h is the cooling coefficient for linearized heat losses to the environment at

temperature, Te.

For q; very large, or T small
1-exp(t) erfcVt = (1 1/4)172, (3.2)

Consequently for this limit condition, the ignition time (t;g) is found when T; attains T;g:

s (Tig—Tw)Z
t, = kaCT. (3.3)

In general, the net heat flux at the surface can be expressed as
q" =4q;-h (T,-T.) - o(T{-T?) (3.4)

where the surface emissivity and absorptivity have been taken as unity. The radiation from the
environment appears if the surface can fully view the surroundings at the environment temperature.
For the Cone Calorimeter, we ignore this term because the heater element covers most of the space
above the sample. Janssens [ 8] includes this term in his analysis. From the integral analysis of
Quintiere and Igbal [15] it is shown for T.. as the initial and environment temperature that

d
dt

(=R e

(T-T,)dx = ¢’ (3.5)
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where 6 is a thermal penetration depth. Selecting an approximate temperature profile as

q'd x \
T-T_ = _21(—[1 - g] (3.6)
gives upon substitution
d /.. k .
E(q 8%) =6 ;C-q : (3.7)

Originally this equation was solved by ignoring the time dependence on ¢, here an improved
solution can be obtained by approximating

- [T0rE0],

(3.8)
0
From Eq. (3.4), q (0) = q;. Therefore, integrating Eq. (3.7) gives
2 - (T
5% = 3t BT,
- BTy (3.9
[O(T} = T8 +h (T, - T.)]
where B(T,)= — . (3.9b)
q;
Letting Ts = Tjg and x = 0, Eqns. (3.6) and (3.9) give a solution for the ignition time as
4 1-B (T, - T_Y
ty = 3 kpc x x (3.102)
2-BJLa(@y
where q'(T,) = 4; — o(T;, — T2) = h(T,, - T.) (3.10b)
and
oT, ~TH +h (T, - T o
B: ( ig .,,) ~ c(Tlg .,o) - _q_?_" (3.10C)

q; o

As f —> 0 for qi"g large, the coefficient in Eq. (3.10a) is 2/3 compared to /4 in the more exact
result of Eq. (3). Atreya [2] found by a similar integral analysis that this coefficient depends on
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kW/m2, respectively.

According to the above theory, the critical flux for ignition occurs where tj; —> oo and

4, =o(Th = T:) +h (T, - T ) =h(T, - T.). (3.11)
In general, Eq. (3.10a) can be written as
T., - T_)
t;,, = Ckpc —(—g———)T (3.12)
(qi - qa)

where C, depends on ¢, or B, approaching n/4 for large g ..

A plot of ignition data as t;;-1/2 versus q; can yield information to obtain kpc and T;;. The
intercept at t;, "2 = 0 gives 4, = q.. From Eq. (3.11) and with an experimental value
determined for the critical heat flux, then T;, can be found. The slope of the data, [(C kpc )2 Ty
-T..J!, gives kpc. Here we have used C = 1/4 for the case of large q;. Figure 3.1 illustrates this
for ignition data of fiberboard taken in the LIFT apparatus with he = 15 W/m 2-K. The critical flux
of 16 kW/m?2 gives T;, of 394 °C and kpc = 1.1 (kW/m2-K)2-s. Alternatively, kpc can be
determined as in the ASTM E-1321 procedure from the slope of data on a plot of §_/q; versus
tigl’2. In implementing the procedure illustrated in Figure 3.1 for Cone data, we estimated the

intercept on the horizontal axis by extrapolating the low flux data, and develop kpc from the slope
of the high flux data. For the Cone, we selected he = 10 W/m2-K [5].

Janssens [8] recommended an empirical alternative to Eq. (12) which is
X < Eacal (3.13)
9
where 1;, is given in Eq. (3.1) with h defined in Eq. (3.11). A plot of t;,~547 versus incident heat
flux will give the critical flux as the zero intercept on the horizontal axis.
Table 3.1 gives a comparison of the values for the critical flux by Eqgns. (3.12) and (3.13).
We adopted the results using Eq. (3.12), but as can be seen the two estimates in Table 3.1 are very

similar. The figures showing the data and selected curve fits are shown in Appendix A.3:
Ignition Data.
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Table 3.2
Estimated Critical Flux for Ignition

Material Eq. (12) Eg. (13)
(kW/m2) (kW/m?2)

R401 FR CHIP 25 25
R402 GYPSUM 26 24
R403 PUR+AL - -
R404 PUR+PAPER 6 8
R405 XPS40 7 7
R406 ACRYLIC GL 4 3.5
R407 FR PVC 16 15
R407 FR PVC 16 15
R408 FR POLYCARB 24 23
R409 MASS TIMBER 10 11
R410FRPLY 22 21
R411 PLY 8 7
R420 EPS40 8 7
R421 EPS80 23 23
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3.2 Flame Spread Properties

Property data on lateral and downward flame spread were not obtained using the procedure
of ASTM E 1321 (LIFT), but the apparatus of LSF designated as the Roland Intermediate Fire
Test. This device consists of a small (ASTM E 162) radiant panel inclined at 35 degrees and 100
mm from 1 m x 1.5 m high specimen. The incident heat flux varies from about 40 kW/m?2 near the
heater and decreases to about 1 kW/m?2 laterally and about 10 kW/m2 downward. Flame spread
rates are measured in the lateral and downward directions at positions of known heat flux much
like in ASTM E 1321. Figure 3.2 displays a typical flame spread process in the Roland apparatus.
The governing equation for the flame spread velocity, V, is given by

@
V= (3.14)
kpe (T, — T,)”

g

where ® is the flame heating parameter, and T is the local temperature caused by the incident heat

flux. T, and kpc are determined from the ignition data of the Cone Calorimeter (Section 3.1).
For materials which melt and drip, the downward flame spread can be considerably influenced by
these effects. For non-melting materials, the lateral and downward properties are expected to be
comparable. However, the range on spread data recordable for downward spread is small and

insufficient to give accurate results for ®. In addition, melting materials could influence lateral
spread as well since a trough at the bottom of the specimen could collect the flaming melt and
drips. In particular, the polystyrene materials exhibited such behavior to the extent that nearly two
modes of lateral spread could be perceived: one due to surface flame spread, the other more rapid
spread due to the propagation over the melted material in the bottom drip tray. Although this bi-
modal spread is an artifact of the apparatus, the same behavior is exhibited in the room-corer test
for the wall material. Needless to say, the melting, dripping, swelling and delaminating effects of
the materials can have a profound effect on flame spread both in the apparatus and in the end-use
condition. In our room-corner fire simulation model, we will only use the properties associated
with lateral spread in the Roland apparatus.

The details of the analysis of the Roland data were done by Su [18] and can be found in

Appendix B. Downward and Lateral Flame Spread in Roland Apparatus Phase 5.
A summary of the flame spread and ignition property data are shown in Table 3.2.
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The ignition and flame spread properties were derived by the methods above and
are presented in Table 3.3.

Table 3. 3: Ignition and Flame Spread Properties of the LSF Materials.

. T, T,
Material & | GO | jawmxrs | aw)

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

IR 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 4.2
R 4.21, Exp. PS80 490 77 0.557 7.1

* Material properties could not be extrapolated from the test data

3.4 Heat of Combustion (4AH(¢)
Definition

The enthalpy of combustion or heat of combustion (AHc) 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 minimized
so that the heat release can be accurately determined by the temperature rise. The gross
heat of combustion, AHc, gress» 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 [27]. 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 reduced AHc, gross to be observed. Therefore an
effective heat of combustion, AHc, .5 which better represents the material burning in
actual conditions needs to be determined. This effective value (simply referred to as AHc
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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_ -1 (3.14)

where Q" 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, 7" 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.

Determining AHc

The time-varying and average effective heat of combustion were measured by
LSF using the Cone Calorimeter. Each material was tested a total of twenty times at 25,
35, 40 and 50 kW/m?®. The Cone Calorimeter standard [1] specifies the time-varying heat
of combustion value to be calculated by

AHc = —Q'(t)
m"(1)

where Q"(f) and 7"(t) are the energy release rate and mass loss rate per unit area at time
t. Similarly, the average heat of combustion is calculated by

AH -£ (3.15)

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

Because AH( 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. Example of these three energy release rates are presented in Figure 3.4.

20




! ]
30 + i
)
= 20
&
=
<
10 +
0 el ey
0 50 100 150 200 250 300 350 400
Time (s)
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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®
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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
sample, but inspection of the energy release 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 AHC, peat, AHC, peak avg. a0d AHC, overall avg. Values are shown graphically
in Figure 3.5 and the three effective AHc 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 AHc are explained below.

1. Peak Rate of Energy Release (AHc, peak)

For each Cone test in which the material ignited, a peak or maximum rate of
energy release (0" pea) 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.
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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’.

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 (see Figure 3.6). These average heat of combustion values
are listed in table 3.4. This average peak heat of combustion value can be used in
Equation 3.14 to determine the typical peak energy release rate associated with a
material.

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
release rate occurs approximately 20% below the peak value. Therefore, the Q" 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.
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The peak average heat of combustion, AHc, 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

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

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

3. Overall Energy Release (4Hc, overail avg.)

The overall heat of combustion values, AHc, overait avg., Were calculated by LSF by
dividing the total heat evolved from each sample by the total specimen mass loss, as in
Equation 3.15. This is the typical method of determining an effective heat of combustion
value by the Cone Calorimeter test standard [1]. This “overall” value represents an
average of the burning characteristics over the entire test duration.

As with the previous two methods, the average overall value, AH . .. o, - fOT 2

particular material is determined by taking the numerical average of the values calculated
from each Cone test.
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Figure 3. 6: Example of an Average Heat of Combustion ( AH ;. ) Determination: R 4.08
at 50 kW/m’.
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Table 3. 4: Average, effective heat of combustion (AH,) values calculated

by three methods.
Material AHC pouk AHC peskavg. | AH, cvran o
(<J/g) (k/g) (k¥/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

The graphs for determining the average heat of combustion values form Appendix
A.4 are presented here.
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Heat of Combustion (kJ/g)

4.04 Polyurethane with Paper Backing: Heat of Combustion vs. External Heat Flux
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Heat of Combustion (kJ/g)

4.05 F.R. Extruded Polystyrene Board (40 mm): Heat of Combustion vs. External Heat Flux
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Heat of Combustion (kJ/g)

4.06 Acrylic Glazing: Heat of Combustion vs. External Heat Flux
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Heat of Combustion (kJ/g)

4.07 F.R. PVC: Heat of Combustion vs. External Heat Flux
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Heat of Combustion (kJ/qg)

4.08 3-Layered F.R. Polycarbonate Panel: Heat of Combustion vs. External Heat Flux
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Heat of Combustion (kJ/g)
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Heat of Combustion (kJ/g)

4.11 Normal Plywood: Heat of Combustion vs. External Heat Flux
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Heat of Combustion (kJ/g)

4.20 F.R. Exp. Polystyrene Board (40 mm): Heat of Combustion vs. External Heat Flux
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Heat of Combustion (kJ/g)

4.21 F.R. Exp. Polystyrene Board (80 mm): Heat of Combustion vs. External Heat Flux
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3.5 Heat of Gasification (L)
Definition

When exposed to a given 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 (77") 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 are
presented by Tewarson [27].

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 by:

STt

(R q net
=== 3.16
== (3.16)

where §” ner is the net heat flux to the material (kW/m?). This approximation assumes
that at ignition (t;g) the burning rate becomes ¢, /L and at the burnout time (#) 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. Therefore in

order to estimate the steady burning rate of materials, an effective heat of gasification
value needs to be determined.

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 3.14 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 3.16 to be expressed as:

AH,
L

0=,

(3.17)
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Figure 3. 7: Example of Burning Rate per Unit Area (") Prediction: R 4.08, 3-Layer
Polycarbonate Panel at 50 kW/m?.

where Q" is the energy release rate per unit area of burning material (kW/m?) and AH, is
the heat of combustion—as calculated above. The predicted energy release rate will
become equal to the right hand side of Equation 3.17 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, f;,, are calculated such that the area under the predicted curve, O, is

equivalent to the area under the experimental curve.
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Figure 3. 8: Example of Energy Release Rate per Unit Area (Q") Prediction: R 4.08 at
50 kW/m’.

Cone Calorimeter Heat Flux

Equations 3.16 and 3.17 indicate that the mass loss rate and energy release rate
per unit area may be linearly dependent on the net heat flux. Inthe Cone Calorimeter, the
net heat flux to the sample is

Qoo =(1~a )4z +47 — 4 (3.18)
where oy is the flame absorptivity, §” ex is the external heat flux provided by the Cone

heater (kW/m®) and "/ is the total incident heat flux from the flame including radiant
and convective heating (kW/mz):

Qf = q-;',r + q;,t‘
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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, ¢"; 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.

Using Kirchhoff’s law [8] we realize that the absorptivity of the flame can be
determined to be

ay =&y

where & is the emissivity of the flame. Quintiere and Rhodes [24] and Rhodes [25]
demonstrated that the flame volume for materials burning in the Cone can be
approximated as a tall, vertical cylinder and that the emissivity can be approximated by:

where «x is the absorption coefficient (m™) and I, is the mean beam length (m). For tall,
semi-infinite cylindrical flames with height (H) greater than twice the sample width (D),
the mean beam length for radiation to the base of the cylinder (the surface of sample.
material) is approximately 0.65-D [6]. Therefore for flames of height H 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 heat flux from the
Cone heater is absorbed. Therefore most of the heat flux from the Cone heater is
transmitted to the sample material.

Quintiere and Rhodes also indicate that the total flame heat flux (4", 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

- — 4
qf,r—f:fan

where Ty 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 ¢” s,
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? [25]. This does not imply that all materials have identical radiative heat fluxes
from the flames only 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. Rhodes determined a
convective heat flux of 15 kW/m® for black PMMA in the Cone, assuming a blocking
factorof 1 (m" — 0).

The burning rate of the LSF materials does increase as we increase the external
heat flux, however this increase appears to be moderate 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 (H > 2D), the net flame heat
flux incident to materials burning in the Cone Calorimeter, §” 5 can be considered to be

constant.

The re-radiant heat losses, ¢” ., from the material surface can be expressed as
g, =¢£,07T;

where & is the emissivity of the material surface, o is the Stefan-Boltzmann constant
(5.670 x 10" kW/m*K*) and T, 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 [7] 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 of the material (7). 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 constant over different external
heat fluxes. However further surface temperature data for non-charring as well as
charring materials would help to reinforce this hypothesis. The surface temperature of
charring materials is typically much higher than the ignition temperature, especially after
a significant char layer has developed and been heated by the incident heat flux.
Therefore using the ignition temperature to represent the surface temperature for all
materials represents an approximation which may provide some error in the final
prediction of the fire growth.

To predict the burning rate per unit area, 71", using Equation 3.16, we need to
determine an appropriate L value. In order to do this we consider the flame emissivity,
flame heat flux and re-radiant heat loss for each material in the Cone Calorimeter to be
constant. We can therefore assume that the ¢",. in Equation 3.18 is only linearly

dependent on §”".. Therefore, since the effective heat of combustion and heat of
gasification values are also taken to be constant, the burning rate and energy release rate

43



per unit area will become linearly dependent on the external heat flux from the Cone
heater:

X} - m 1 2 1.4 . AH
L L

(3.20)

This linear dependence of 72" and Q" on the external heat flux allows the heat of

gasification to be to be evaluated through methods similar to those for calculating the
different AHc values. The exception being that the peak, peak average and overall
average energy release rates will be used on both an energy release rate basis as well as a
specimen mass loss basis.

Energy Release Rate Methods

The effective heat of gasification values calculated based on energy release rates
are based on Equation 3.20. Since AH, and L are constant and are not dependent on the
external heat flux, this equation can be differentiated into the following form:

dQ” AH_
dq", L

where AH . indicates an average heat of combustion value, as listed in Table 3.4.

The peak, peak average and overall average energy release rate values (Q") are
plotted with respect to the external heat flux (§".x) from the Cone heater. Only the
samples where ignition and sustained burning occurred were plotted. Since do’/ dg., is

assumed to be linear, a least squares fit line was drawn through the data points and the
slope of the linear fit was determined. The numerical value for the slope is simply equal

to AQ"/A4", allowing the effective heat of gasification to be calculated by

AH_

L=—=—25¢6
(a0"/adz,)

(321)

which can be seen graphically in Figure 3.9.



1. Peak Energy Release Rate (Lpear)

The Q"pe,k value from each test is taken directly from the LSF data and plotted
against the external heat flux from the Cone heater. Using the AH ., values in Table
3.4, an effective Lpeax value is calculated for each material based on

AH
L peak = < peel

(805... /adz.)

800

0 Q' pea u]

S o
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Figure 3. 9: Example of Heat of Gasification (L) Determination Using Energy

Release Rates per Unit Area with Respect to the External Heat Flux in
the Cone Calorimeter: R 4.05, Fire Retarded Extruded Polystyrene.

2. Average Energy Release Rate Around the Peak (Lpeak avg.)

This method is identical to the one used to determine L.k except that the “peak
average” values are used:

45



AH

7 — C peak avg.

T agr 60

3. Average Overall Test Results (Loveratt avg.)

For this method the total steady burning of the sample material from each test is
used to determine the effective heat of gasification value. This results in a more global
value as opposed to a value based on an instantaneous or local occurrence. As in the
previous two methods, the energy release rate for each test needs to be plotted against the
associated external heat flux level from the Cone heater. The overall energy release rate
can be determined from

Q:verall e AHC. overall avg. 'm:umu avg. (3.22)

The overall heat of combustion values used in Equation 3.22 represent values calculated
from individual tests as opposed to the average values listed in Table 3.4.

In order to determine a heat of gasification value over the region of steady
burning, the total specimen mass loss from the Cone data can not be used. This is done in
order to eliminate mass loss from non-burning phenomenon, e.g. moisture evaporation.
For example, gypsum wallboard undergoes a rather brief burning period after the paper
facing ignites, but the specimen mass will continue to decrease past the point of flame
extinction. This continued mass loss is due to the evaporation of the water trapped within
the gypsum by the applied heat flux. Therefore, the steady mass loss rate per unit area
value (77" overail avg.) Will be determined over this sustained burning region.

In order to determine this steady burning mass loss rate, the slope of the specimen
mass versus time curve (dm/dt) is determined over the region where sustained burning
was believed to occur. The steady burning region is taken as the ignition time until the
point at which the mass versus time curve appears to curve towards a horizontal line—
indicating a significant reduction in the burning rate. A typical steady burning rate
determination can be seen in Figure 3.10.

The times at which the different specimens ignite are provided in the LSF data.
The data also includes the time at which flaming ends, but it is unclear if this time
represents a sudden end of flaming or a gradual reduction of the flame size until it
becomes undistinguishable. There are tests where the reported end of flame time does
not reasonably correspond with the end of significant mass loss or energy release. There
are also cases where a material underwent ignition and extinguishment several times, and
it was unclear as to what end of flaming time to choose. Since these values will be used
to predict the burning of materials in actual scenarios, the time at which the burning rate
is seriously reduced can be used to represent an approximate point at which steady,
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sustained burning might have ended. Therefore the change in the slope of the mass loss
versus time curve is implemented here for determining the end of steady burning.

The mass loss rate (#72) is approximately linear over this steady burning region.
Therefore, 71" overaliavg. can be determined from the slope of the linear fit through the
specimen mass versus time curve during steady burning divided by the surface area of the

specimen:
m _ —dmjdt
A, Y|

mowrall avg. -

S

where A; is the surface area of the sample which is reported by LSF to be 0.0088 m’ for
all of the samples tested.

Slope: dm/dt =-0.1859
N’ m=-—dm/dt

Specimen Mass (g)

4 . “
Y
tig“\ Burning | - Burnout
| : .
0 SN " SUN i L S SIS IS A
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Time (s)

Figure 3. 10: Example of Steady Burning Rate (77) Determination: R 4.08, 3-Layer
Polycarbonate Panel.

Using 1" pverallavg.» the overall energy release rate per unit area is determined for
each test using Equation 3.22 and plotted with respect to the external heat flux from the

heater as in Figure 3.9. The slope of the linear fit and AH ..., are used to

determine the L value:
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The graphs for determining the heat of gasification by the energy release rate
from Appendix A.5 are presented here.
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4.01 F.R. Chipboard: Energy Release Rate vs. External Heat Flux
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Energy Release Rate per Unit Area (kW/m?)

4.02 Paper Faced Gypsum Board: Energy Release Rate vs. External Heat Flux

140.00

120.00 -

100.00 -

O Q"peak
O Q" peak avg.

A Q" overall avg.
Linear (Q" peak )

— — — Linear (Q" peak avg. )
— - — -Linear (Q" overall avg. )

80.00

60.00 1

40.00 ]

20.00

0.00

10 20 30 40 50 60
External Heat Flux (kW/m?)

70



Heat Release Rate per Unit Area (kW/m?)

R 4.03 Energy Release Rate vs. External Heat Flux
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Energy Release Rate per Unit Area (kW/m?)

4.04 Polyurethane with Paper Backing: Energy Release Rate vs. External Heat Flux
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4.06 Acrylic Glazing: Energy Release Rate vs. External Heat Flux
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Energy Release Rate per Unit Area (kW/m?)

4.07 Energy Release Rate vs. External Heat Flux
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Energy Release Rate per Unit Area (kWImz)

4.08 3-Layered F.R. Polycarbonate Panel: Energy Release Rate vs. External Heat Flux
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Energy Release Rate per Unit Area (kW/m?)

4.09 Varnished Massive Timber: Energy Release Rate vs. External Heat Flux
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Energy Release Rate per Unit Area (kW/m®)

4.10 F.R. Plywood: Energy Release Rate vs. External Heat Flux
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Energy Release Rate per Unit Area (kWImz)

4.11 Normal Plywood: Energy Release Rate vs. External Heat Flux
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Energy Release Rate per Unit Area (kW/m?)

4.20 F.R. Expanded Polystyrene Board (40 mm): Energy Release Rate vs. External Heat Flux
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4.21 F.R. Expanded Polystyrene Board (80 mm): Energy Release Rate vs. External Heat Flux
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Specimen Mass Loss Methods

Heat of gasification values determined on a specimen mass loss basis are
calculated using Equation 3.19. Differentiation produces

di”

1
dg’. L

As with the energy release rate, the mass loss rate per unit area is taken to be linearly
dependent on the external heat flux and can be expressed as

Aml

1
AG" Z (3.23)

Therefore, the effective L value is the inverse of the slope of the linear fit through the
specimen mass loss rate per unit area data plotted against the external heat fluxes for each
test:

1

) L S
(/gL )

(3.24)

A graphical representation of the determination of the heat of gasification using the
specimen mass loss rate per unit area is shown in Figure 3.11.
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Figure 3. 11: Example of Heat of Gasification (L) Determination Using Specimen Mass
Loss Rates per Unit Area with Respect to the External Heat Flux in the
Cone Calorimeter: R 4.05, Fire Retarded Extruded Polystyrene.

4. Peak Energy Release Rate (Lpesx) by Mass Loss

The peak mass loss rate per unit area for each tested specimen was determined by
using a form of Equation 3.14: |

Moo =—— (3.25)
C, peak

The heat of combustion values used here are the actual peak values that were determined
for each Cone test (as opposed to the average values from Table 3.4). These peak mass
loss rates are then plotted against the external heat fluxes for the test as in Figure 3.11 and
the heat of gasification is determined by
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5. Average Energy Release Rate Around the Peak (Lpeak avg ) by Mass Loss

This method is the same as the previous method except that Q" peax avg. and AHc,

peak avg- from each test are used in Equation 3.25 to determine the peak average mass loss
rate per unit area. The effective heat of gasification is also found in a similar manner:

1
et 1042

6. Average Overall Test Results (Loveratt avg) by Mass Loss

This method uses the same 71" gverant avg. Values for the region of steady, sustained
burning determined above, in Method #3, plotted against the external heat flux levels.

1

L —_
8L

overal avg. (.'
overall

The graphs for determining the heat of gasification by the mass loss rate from
Appendix A.5 are presented here.
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Mass Loss Rate per Unit Area (g/m’s)

4.02 Paper Faced Gypsum Board: Mass Loss Rate vs. External Heat Flux
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Mass Loss Rate per Unit Area (g/m?s)

R 4.03 Mass Loss Rate vs. External Heat Flux
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Mass Loss Rate per Unit Area (g/mzs)

4.04 Polyurethane with Paper Backing: Mass Loss Rate vs. External Heat Flux
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Mass Loss Rate per Unit Area (g/m’s)

4.05 F.R. Extruded Polystyrene Board (40 mm): Mass Loss Rate vs. External Heat Flux
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Mass Loss Rate per Unit Area (glmzs)

4.06 Acrylic Glazing: Mass Loss Rate vs. Externait Heat Flux
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Mass Loss Rate per Unit Area (g/m’s)

4.07 Mass Loss vs. External Heat Flux
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4.09 Varnished Massive Timber: Mass Loss Rate vs. External Heat Flux
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Mass Loss Rate per Unit Area (g/m’s)
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4.11 Normal Plywood: Mass Loss Rate vs. External Heat Flux
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Mass Loss Rate per Unit Area (g/m’s)

4.20 F.R. Expanded Polystyrene Board (40 mm): Mass Loss Rate vs. External Heat Flux
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Mass Loss Rate per Unit Area (g/m’s)

4.21 F.R. Expanded Polystyrene Board (80 mm): Mass Loss Rate vs. External Heat Flux
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Heat of Gasification Value Analysis

The six calculated effective heat of gasification values for the different materials
are presented in Table 3.5. Theoretically, all six heat of gasification values that have
been calculated should be identical. It can be seen that for some materials, the calculated
L values are reasonably consistent. However for other materials there is a great deal of
discrepancy between the values and some of the values obtained do not make a great deal
of sense. These discrepancies are due to moisture evaporation, char formation, unsteady
burning rate and difficulties in determining appropriate mass loss rates and will be
described in more detail below.

Table 3. 5: Effective Heat of Gasification (L) Values Calculated by Six Methods.

Energy Release Rate Mass Loss Rate
Material Lpeak Lpeak avg. Loverant avg. Lpeak Lpeak avg. LoveraII avg.
ale) | (g | Qig) | (kiig) | Vg | Cig)

R 4.01, FR. Chipboard 9.3 10.0 4.5 13.4 12.4 9.4
R 4.02, Gypsum 4.6 48 -693.5 -27.9 -10.6 13.0
R 4.03, PU/Alum. *

R 4.04, PU/Paper 5.0 5.5 - 5.9 5.6 1.0
R-4.05, Ext. PS40 3.9 4.0 45 4.6 47 4.6
R 4.06, Acrylic 1.5 1.6 3.0 1.4 1.6 2.7
R 4.07, FR. PVC 9.3 10.4 4.2 2.1 2.2 24
R 4.08, 3-Layer PC 32 33 3.6 44 3.6 4.8

R 4.09, Mass Timber 229 17.5 6.5 147.1 41.8 6.9
R 4.10, FR. Plywood 8.9 9.3 8.8 12.7 134 15.5
R 4.11, Plywood 7.5 7.3 3.9 6.9 8.0 7.8
R 4.20, Exp.PS40 7.1 7.3 11.2 9.2 8.5 11.5
R 4.21, Exp.PS80 13.5 12.7 9.4 8.0 8.5 7.5

* Material properties could not be extrapolated from the test data

Negative heat of gasification values were calculated for the Paper Faced Gypsum
Board (R 4.02). This is most likely due to the effects of the rapid burning of the paper
facing followed by the evaporation of the moisture trapped within the gypsum itself. The
continuous mass loss causes the effects of the burning paper to become relatively
insignificant to the mass loss rate when determining Loverali, ave. by the energy release
method. The rapid burning of the paper facing produces very low energy release rate (~
100 kW/m?) and a minimal increase in the mass loss rate over a very short time period as
can be seen in Figure 3.12. Therefore, inconsistencies appear in the determination of the
peak and peak average mass loss rates leading to errors in the development of L due to
the linear fit through the data.
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Figure 3. 12: Typical Energy Release Rate per Unit Area and Specimen Mass for
Gypsum Board, R 4.02, in the Cone Calorimeter.

The Loverant avg. Value by the energy release rate method for the polyurethane foam
panel with paper facing, R 4.04, is missing due to missing data from LSF. Without the
AHC, overall avg. Values, this value could not be calculated. The Loveran ave. Value by the mass
loss rate also appears to be very low while the other four values are relatively consistent.
This was due to difficulties in determining the region of steady mass loss in Method #3
above. For most other materials the region of steady burning is clearly marked by a
steady specimen mass loss followed by a sharp transition in the specimen mass with
respect to time graph. However as Figure 3.13 indicates, the specimen mass follows
more of a curve with respect to time therefore making it difficult to accurately determine
this transition point. Using the point at which the energy release rate begins to rapidly
decline (= 115 seconds in Figure 3.13) as the end of steady burning would have provided
a line with a higher mass loss rate. This may provide a more appropriate L value when a
linear fit is drawn through the mass loss rate per unit area data plotted versus the external
heat flux.
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Figure 3. 13: Typical Energy Release Rate and Specimen Mass for Polyurethane
Foam Board with Paper Facing, R 4.04, in the Cone Calorimeter.

The L values determined by the energy release rate method for fire retarded PVC,
R 4.07, are much higher and less consistent than those calculated by the mass loss rate.
method. These high values are most likely due to the large amount of scatter that exists
for the heat of combustion values, especially for the peak and peak average values at low
external heat flux levels (see Figure 3.14). This type of scatter was not seen in the
analysis of the other materials. The reason for this scatter is most likely due to the
inconsistent burning characteristics of PVC as seen in Figure 3.15. The existence of both
single and multiple peak energy release rates produces inconsistent data which therefore
produces higher average AH. values thereby producing high L values. The overall
average heat of combustion has a lower, more constant value which explains why the
Loveran avg. value is closer to the mass loss rate values. The use of a lower heat of
combustion value may be appropriate for determining L as well as for predicting the
performance of fire retarded PVC.
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Figure 3. 14: Average Heat of Combustion Values for Fire Retarded PVC, R 4.07.
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Figure 3. 15: Various Energy Release Rates for Fire Retarded PVC, R 4.07, in the
Cone Calorimeter

The heat of gasification values for varnished massive timber, R 4.09, indicate a
great deal of fluctuation. The Ly and Lpes avg by mass loss rate values seem
particularly high. Upon ignition the massive timber rapidly releases a large amount of
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energy, which is most likely due to the varnish burning away. This peak energy release

rate ic ralativelv cnnctant for different external heat flux levels and the mass loss rate
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associated with this peak appears to be constant as well (see Figure 3.16). This type of
burning is atypical for wood samples burning in the Cone Calorimeter and confirms that
the burning varnish has a constant energy release rate and mass loss rate regardless of the
external heat flux. Typically the initial and secondary energy release rate peaks are
proportional to the external heat flux.

Constant peak energy release and mass loss rates results in a linear fit through the
peak and peak average mass loss rate data that is almost horizontal. Therefore, the
inverse of the slope of this fit produces a high L value that does not appear to be
appropriate for the material. The relatively high peak and peak average values by the
energy release method are aiso most likely due to the high energy release rate associated
with the burning of the varnish.
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Figure 3. 16: Peak Energy Release and Mass Loss Rates for Varnished Massive
Timber, R 4.09, at Different External Heat Flux Levels in the Cone
Caloimeter.

Fire retarded chipboard, R 4.01, and normal plywood, R 4.11, demonstrate
slightly reduced Loveran avg. by energy release values. This seems to be typical for
cellulosic-type materials and is most likely due to char formation. At lower heat fluxes, a
layer of char can develop over the surface of normal charring materials, like wood, long
before ignition. However, as the wood is continually heated, it pyrolizes and continues to
lose mass even though there is no flame present. At much higher heat fluxes, ignition
usually occurs before a significant char layer can develop. Due to the mass loss prior to
ignition at lower heat fluxes, the overall energy release rate will be reduced, therefore
producing a linear fit through the data that has a higher slope. The inverse of this higher
slope will produce a reduced L value as can be seen in Table 3.5. The fire retarded
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plywood does not show this significantly low Loyeranr avg. value mostly due to only some of
the samples igniting at 25 kW/m’ and less importance being placed on these data points
when taking a linear fit through the data. It is important to note that charring materials
will show this sort of char layer development dependence at different low heat flux levels
and this level will depend on sample orientation, fire retardant additives and material
properties (critical heat flux for ignition, density, thermal conductivity, etc.).

3.6 Total Energy Per Unit Area (Q”)

Samples tested in the Cone Calorimeter release a certain amount of energy (Q)
over the duration of the test. In order to predict the performance of materials in full-scale
scenarios, this total evolved energy term is needed. However, it is desirable to eliminate
thickness and density factors in the expression of this energy. Therefore the total amount
of energy that can be released from a material when it is burning is expressed in terms of
a unit area (Q”). The total energy per unit area can be calculated by:

o' ==
A

S

where Q is the total heat evolved from the sample material and 4; is 0.0088 m’. The total
heat evolved for each tested sample is provided in Appendix A.6.

Like the heat of combustion and heat of gasification, Q" is regarded as a material
property that is independent of the incident heat flux. It expresses the total amount of
energy present per unit area of material. Therefore in order to calculate an effective 0~
value for a material, the numerical average of all the Q" values measured in the Cone is
calculated. This average value effectively represents the total energy available from a
square meter of the material and is expressed graphically in Figure 3.17—the horizontal
line indicating the average Q" value. The average values determined for all of the
materials are presented in Table 3.6 and the graphs from Appendix A.6 are also presented
for convenience.
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Figure 3. 17: Typical Total Energy per Unit Area (Q”) Determination: R 4.05,
Extruded Polystyrene Board.

Table 3. 6: Energy Release per Unit Area of Material.

Material @/I?/mz)
R 4.01, FR. Chipboard 342
R 4.02, Gypsum 2.2
R 4.03, PU/Alum. 32.9
R 4.04, PU/Paper 30.8
R 4.05, Ext. PS40 38.7
R 4.06, Acrylic 89.5
R 4.07, FR. PVC 16.1
R 4.08, 3-Layer PC 58.1
R 4.09, Mass Timber 68.2
R 4.10, FR. Plywood 51.8
R 4.11, Plywood 64.6
R 4.20, Exp. PS40 33.9
R 4.21, Exp. PS80 25.5
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R 4.03 Polyurethane Foam Panel with Aluminum Faced Paper:
Total Heat Evolved vs. External Heat Flux

40000.0

35000.0

32869.3

30000.0

25000.0

20000.0

15000.0

10000.0

5000.0

o
0.0 8 ° ¢

0 10 : 20 30 40
External Heat Flux (kW/m?)




Q" (kJ/m?)

50000.0

45000.0

40000.0

35000.0

30812.5

30000.0

25000.0

20000.0

15000.0

10000.0

5000.0

0.0

R 4.04 Polyurethane Foam Panel with Paper Backing:
Total Heat Evolved vs. External Heat Flux
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R 4.08 3-Layered F.R. Polycarbonate Panel: Total Heat Evolved vs. External Heat Flux
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R 4.09 Varnished Massive Timber: Total Heat Evolved vs. External Heat Flux
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R 4.11 Normal Plywood: Total Heat Evolved vs. External Heat Flux
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3.7 Material Property Conclusion

In order to appropriately model the performance of the materials, the properties
that best represent the burning characteristics under actual conditions must be
determined. It is also desirable to determine these properties in a systematic manner that
will allow consistent predictions of material properties. For this analysis, the “peak
average” heat of combustion and heat of gasification by the energy release rate method
appear to be the most appropriate. This was a judgement that was made based on the
desire to most accurately represent full-scale conditions with the model. The “peak”
values were not used because it was believed that instantaneous burning effects would
not be consistent with actual material performance. The peak values may also produce an
energy release rate from the material that is to high and will cause excessive, unrealistic
flame spread and fire growth. The “overall average” values were not chosen because
non-burning effects such as moisture evaporation could have caused errors in the
determination of the material properties. A comparison of some typical energy release
rate predictions for a thermoplastic and charring material in the Cone are presented in
Figures 3.14 and 3.15, respectively. As the figures indicate, the peak average values
appear to give the best representation of the energy release rate for both types materials.
Therefore, the peak average properties for all materials were used.
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Figure 3. 18: Comparison of Methods for Predicting the Energy Release Rate of a
Thermoplastic Material in the Cone Calorimeter: R 4.08.
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4. FIRE GROWTH PREDICTIONS
4.1 Fire Growth Model

The model used for predicting the performance of the LSF materials in the
room/corner test was developed by Quintiere. Previous literature has been published
which describes the physics of model and its application [5, 15, 18, 19] and a brief
description is provided in Section 1.2, therefore a detailed description will not be
provided here. However, important aspects of the model that were taken into
consideration in the analysis of these materials will be provided at the appropriate points.
The model requires input data regarding the following:

» Initial room temperature: 20 °C
o Room geometry: 2.4 m x 3.6 m x 2.4 m high with a
2.0m x 0.8 m door/vent.
o Ignition burner output: 100 kW for 10 minutes followed by
300 kW for an additional 10 minutes.
« Model precision
o Material Property Data

A copy of the Fortran source code for the model is provided in Appendix D.

4.2 Material Properties Used

The material properties used for modeling the flame spread are presented in Table
4.1. There is no lateral flame spread parameter, @, for the acrylic glazing (R 4.06) since
the ignition temperature and minimum temperature for spread are the same. The lack of
data for the polyurethane foam panel with aluminum facing, R 4.03, is due to the lack of
material ignition at all incident heat fluxes except 50 kW/m’. Due to the reflective nature
of the aluminum facing ignition only occurred at the highest external heat flux in the
Cone Calorimeter and material properties could not be extrapolated. Therefore the
material properties developed for the polyurethane foam panel with paper facing, R 4.04,
were used to predict the performance of the aluminum faced foam in the full-scale test.
The room/corner test ignition burner will quickly coat the aluminum facing with soot
thereby causing a significant increase in the absorptivity of the aluminum and an increase
in the heat transfer to the polyurethane. This will cause the aluminum faced foam to
perform much like the paper faced foam and allows for a fire growth prediction to be
made. Observations from the full-scale test indicate that the aluminum facing began to
become damaged in the region around the ignition burner after approximately 14
seconds. This damage to the aluminum facing allowed the polyurethane foam to be
exposed to the igniter flames and which allowed rapid ignition, unlike in the Cone
Calorimeter.

As mentioned in the previous section, the “peak average” heat of combustion and
heat of gasification values are used for the basic material performance prediction
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However, modifications to the properties will made to account for potential errors in the
properties (as discussed in Section 3.5) and unusual performance in the room/corner test,
i.e., melting.

Adjusted Properties for Melting/Dripping Materials

In order to account for the melting of thermoplastic materials the burnout time of
the material (f;) can be approximated as being the time at which the material began to
melt in the full scale tests. This approximation assumes that when a material melts, drips
and/or falls from the walls and ceiling in the room/corner test, it is burned away and no
longer present and available to burn. The model calculates the burnout time of a material
by

t, == (41)

where (" is the total energy per unit area of the material (k¥/m?) and Q" is the energy
release rate per unit area (kW/m?) which can be calculated by

AH .
L

0" =4, (4.2)

where §” ., represents the net heat flux to the material which is approximated as the total
heat flux from the flame minus any re-radiation from the material surface:

Goa =47 — 4 (4.3)

Qumtlere [19] considers the flame heat flux to be constant over the pyrolysis
(burning) reglon and over the extended flame length. The net flame heat flux over the
pyrolysis zone is taken as being 60 kW/m’. This represents the heat flux to the material
surface over the height of the ignition burner flame and the heat flux from the flames over
the region of material that is burning. The value used by Quintiere is consistent w1th
values reported by Kokkala [11] for a similar ignition burner in a corner: 50 to 60 kW/m®
over 60% of the average flame height. Quintiere also selects the extended wall flame
heat flux to the unburned material above the pyrolysis region to have a constant value of
approximately 30 kW/m’. The idealized heat flux distributions from the ignition burner
and the extended wall flame can be seen in Figure 4.1.
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Figure 4. 1: Idealized Heat Flux Distributions.

Using Equations 4.1 to 4.3, an approximate burnout time for the material can be
calculated. The model treats the burnout time as the time at which the material is no
Jonger present and available to burn, which is also the case when the material melts or
falls off of the wall and the ceiling in full-scale tests. Therefore the time for a material to
begin melting in the full-scale experiments were then taken to be “effective burnout
times”. In order to achieve these effective times, the total energy per unit area of material
(0”) was reduced by a fraction which caused the burnout time to be similar to the
melting time. This reduced O is then taken to be an approximation of the actual energy
available from melting materials.

This approximation method seems to work relatively well. However, for some
materials the reduced Q” prediction did not produce enough of a reduction in the heat
release to simulate the full-scale test. For those materials, the O value was further
decreased until a representative prediction was achieved. Therefore, it can be seen that
this method is not a completely accurate method of approximating the melting of actual
materials, but it does help in showing the sensitivity of the model and identifying the
hazards and processes that are involved in melting materials.
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4.3 Results

The material performance predictions by Quintiere’s fire growth model were
compared with full-scale ISO 9705 room/corner tests performed at the Swedish National
Testing and Research Institute [28]. Graphical comparisons of the predicted and full-
scale test energy release rates are presented in Figures 4.2 through 4.13.

A 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. Because
flashover is a complex phenomenon, the time to onset in the 9705 room/corner test is
associated with an energy release rate of 1,000 kW based on flames emerging from the
door and floor heat flux. This 1 MW criterion is for the most part independent of the
material and only a property of the room geometry. Other factors effect the overall
performance of a material, but for the most party the time for the energy release rate to
reach 1,000 kW will be analyzed.

Predictions made by the model using the properties presented in Table 4.1 are
simply identified in the figures as “Prediction”. For some materials, especially
thermoplastic materials that tended to melt and drip, key observations from the full-scale
tests are presented in these figures. The figures also show predictions that were made
using adjusted material properties, which will be discussed below. The adjusted
properties for these predictions are identified in the legends of the appropriate figures.

It should be noted that for the full-scale test results there appears to be a
consistent lag between the beginning of the test and the time at which 100 kW from the
ignition burner is measured. This lag is between 20 and 60 seconds for each test (see
Figure 4.2 to 4.13) and indicates an important characteristic of the SP oxygen
consumption calorimeter. This lag time has some significance in the result comparisons
which follow.
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Table 4. 1: Ignition, Flame Spread and Energy Release Properties of the LSF Materials used for Modeling.

: T, T. 3 z
Material 0 <0 [(kW;‘n,ng)zs] (ng;m3) (fJI;Ié) g | MIm?)

R 4.01, FR. Chipboard 505 507 2024 0.0 92 100 342
R 4.02, Gypsum 515 517 0.549 0.0 6.4 43 22

R 4.03, PU/Alum. 0.0 16.3 32.9
R 4.04, PU/Paper 250 77 0.199 8.7 18.9 5.5 308
R 4.05, Ext, PS40 275 77 1.983 12 278 20 38.7
R 4.06, Acrylic 195 195 2957 241 16 89.5
R 4.07, FR. PVC 415 352 1.306 02 99 104 16.1
R 4.08, 3-Layer PC 495 167 1472 00 19.5 33 58.1
R 4.09, Mass Timber 330 77 0.530 6.9 16.3 175 6822
R 4.10, FR. Plywood 480 197 0.105 0.7 112 93 518
R 4.11, Plywood 290 147 0.633 22 11.9 73 64.6
R 4.20, Exp. PS40 295 77 1.59 42 275 73 339
R 4.21, Exp. PS80 490 77 0.557 71 26.9 12.7 255




R 4.01, Fire Retarded Chipboard.

The results of the room/corner test show a low energy release rate with minimal
flame spread for the first ten minutes. After the ignition burner was increased to 300 kW,
the energy release increased to approximately 700 kW after about 5 minutes. However, a
flashover energy release rate of 1,000 kW was never achieved. The model prediction
shows a similar trend as the full-scale prediction except that the maximum predicted
energy release rate is approximately 400 kW. The general performance of the fire
retarded chipboard is predicted, however the amount of energy release is substantially
under predicted.

The under prediction by the model may be a direct result of the calculation of the
heat of gasification. If the Ly ave. value used for the basic prediction (10.0 kJ/g) is too
high, the energy release rate may be lower than expected:

Q" =gn, —<

L

Therefore the overall average value, 4.5 kJ/g, was input into the model. As Figure 4.2
indicates, this L value allows the fire retarded chipboard to reach 1 MW. This indicates
that a lower heat of gasification value may be more appropriate for the chipboard, but that
the overall value is far too low.
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Figure 4. 2: Full-Scale Energy Release Rate for Fire Retarded Chipboard, R 4.01.
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R 4.02 Paper Faced Gypsum Board.

Observations from the full-scale test indicate minimal heat release and flame
spread during the first ten minutes. After the ignition burner was increased to 300 kW,
there was some flame spread along the ceiling resulting in a slight increase in energy
release. However, this diminished as the paper facing stopped burning.

The basic prediction shows minimal energy release during the first ten minutes
followed by a tremendous increase in the energy release rate approximately 1 minute
after the ignition burner is increased. As mentioned previously, thin materials are
difficult to predict and the paper facing is basically a thin covering over a non-
combustible material. Furthermore, the rapid burning of the paper and the slow, steady
moisture evaporation make paper faced gypsum board an extremely difficult material to
model.

In order to predict the performance of the gypsum board the heat of gasification
(L) is increased by 50% (i.e. 1.5-L) and the total energy per unit area (Q”) is reduced by
50% (i.e. 0.5-L). Figure 4.3 indicates that both adjustments provide similar predictions of
the performance. However, these adjustments were arbitrarily determined and were
merely an attempt to measure the sensitivity of the model for such a complex material.
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Figure 4. 3: Full-Scale Energy Release Rate for Paper Faced Gypsum Board, R 4.02.
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R 4.03 Polyurethane Foam Panel with Aluminum Facing

Since material properties could not be extrapolated from the Cone tests for the
aluminum faced foam, paper faced foam per faced foam properties are used.

In the room/corner test, the aluminum facing near the ignition burner became
damaged after about 14 seconds. This allowed the polyurethane to become exposed to
direct flame impingement by the ignition burner. After 27 seconds large portions of the
ceiling were ignited and after about 40 seconds the energy release rate reached 1 MW and
flames were observed coming out the doorway.

The model predicts the ignition of the material after about 2 to 3 seconds and after
9 seconds the energy release rate is above 1,000 kW. To account for the melting of the
foam, the total energy per unit area (Q”) is reduced by 70% to 9.9 MJ/m? and the model
predicts a similar fire growth. This indicates that even with a large portion of the
material gone, the fire will still tend to grow at an amazingly fast rate.

The heat of gasification is then increased by a factor of 2 in order to possibly
account for some of the initial reflection of the incident heat flux by the aluminum facing.
As Figure 4.4 indicates, this prediction produces a 1 MW energy release rate after 22
seconds. This, therefore indicates that although the calculated heat of gasification values
for the paper faced foam are very consistent, they may be too low to predict the
performance of the aluminum faced polyurethane foam. These discrepancies are most
likely due to the use of the paper faced foam properties to predict performance in the full-
scale test. The aluminum facing no doubt delayed the ignition of the foam producing
some of the differences seen in the Figure.

R 4.05, Fire Retarded Extruded Polystyrene Board

The 40 mm thick extruded polystyrene board ignited after 20 seconds in the
room/corner test. After 85 seconds, the material on the ceiling was melting and dripping
onto the floor. Fifteen seconds later the energy release rate reached 1 MW. Flames could
not be seen coming from the doorway, however thick, black smoke emanating from the
room may have obscured them. Afiter about 2 minutes, the energy release rate began to
reduce and after 3 minutes only the flames from the corner ignition burner were present.
The burner heat output was increased to 300 kW at 10 minutes. Twenty seconds later the
energy release rate was above 1,500 kW and melted, burning polystyrene droplets were
falling from the ceiling. Flames could still not be observed out the doorway, but thick
black smoke was once again emanating from the opening. After the fire was
extinguished almost all of the material was either burned or melted.
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Figure 4. 4: Full-Scale Energy Release Rate for Polyurethane Foam Panel with
Aluminum Facing, R 4.03, Using Material Properties for Polyurethane
Panel with Paper Facing, R 4.04.

The polystyrene foam clearly indicates a material that melts and drips from the
walls and ceiling. However as Figure 4.5 indicates, the model prediction with the
unadjusted Cone properties appears to do a reasonable job of predicting the initial peak in
the energy release rate. There is approximately 30 seconds difference between the
prediction and experimental test results.

To simulate melting, the total energy per unit area is reduced to 30% of the
original value: 11.6 MJ/m®. This adjusted prediction provided the same rapid fire growth
as the original. The total energy is then further reduced by a factor of 1/2, to 15% of the
original value. This adjustment indicates a slight rise in the energy release rate
immediately after ignition followed by a decay to the baseline energy release rate from
the burner. As in the full-scale test when the ignition burner output is increased, there is
a tremendous increase in the energy release rate and 1,000 kW is reached at 614 seconds.

In an attempt to better predict the actual performance of the material a total
energy per unit area value between the previous two is chosen: 22%. This value predicts
the initial energy release rate peak extremely well, but does not indicate the decrease in
energy release or the increase associated with the burner output increase.
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The vigorous melting of polystyrene foam indicates that it is extremely difficult to
model. However, by reducing the total energy per unit area in order to simulate melting
effects, reasonable predictions can be achieved.
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Figure 4. 5: Full-Scale Energy Release Rate for Extruded Polystyrene Board, R 4.05.

R 4.06, Clear Acrylic Glazing

The sheets of acrylic glazing ignited after 1 minute in the full-scale room/corner
test. Once ignited, the acrylic began to melt and form a small burning pool near the
burner. After 90 seconds the ceiling material had ignited and 15 seconds later burning,
melted droplets were falling to the floor. After 130 seconds, an approximately 2 m’ pool
of melted acrylic was burning on the floor near the ignition burner. About 5 seconds later
the energy release rate reached 1 MW. After extinguishment it was observed that most of
the material was burnt or melted and melted acrylic covered about half of the floor area.
Unlike the extruded polystyrene which had a tendency to melt and form droplets, the
acrylic mostly appeared to melt and flow away from the wall and ceiling in sheets.

This material also represents a significant challenge for the fire growth model.
The basic prediction identifies ignition after 21 seconds and a 1 MW energy release rate 6
seconds later. This prediction underestimates the “flashover” of the space by about 2
minutes. Therefore, the Q” value is reduced to 25% of the original value in order to
simulate the significant melting that occurred. As Figure 4.6 indicates, this reduction of
the amount of energy available from the acrylic had no effect on the prediction. This
indicates that even with 75% of the material gone, the model still predicts the same rapid
fire growth and flashover. The heat of gasification value is then arbitrarily increased by a
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factor of 3 to determine the sensitivity of the model and to determine if a more
appropriate L value should be used. This increased L value provides the same rapid fire
growth only it takes 50 seconds to reach 1,000 kW, indicating that the calculated L value
may in fact be lower than that of the actual material. However the highest calculated
value from Table 3.5 is only twice as large as the peak average value used. This
discrepancy remains unexplained although the rapid flashover of the acrylic glazing is
predicted and represents a worst-case scenario.

Although the full-scale fire growth for acrylic is rapid by typical room/corner test
standards, the predicted growth is much more rapid. The more gradual growth in the test
is no doubt due to the melting and falling away of the acrylic. Materials such as this are
even more difficult to model due to the very rapid reduction in material available for
burning. It is difficult to accurately determine when a section of acrylic will begin to
melt and then to predict how much of the material will ooze from the walls and ceiling.
The current predictions are reasonable and identify the potential for rapid fire growth.
However, they do not necessarily account for the actual performance of acrylic glazing.
With repeated full-scale testing and modeling of similar materials a method of
determining the material properties may be developed which will allow for a more
appropriate prediction. At this time no further conclusions regarding the material
properties of the acrylic glazing and there applicability to this type of modeling can be
made.
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Figure 4. 6: Full-Scale Energy Release Rate for Acrylic Glazing, R 4.06.

109




R 4.07, Fire Retarded PVC

Thirty seconds after the ignition burner was ignited, the ceiling panels in the
corner began to deform. After 85 seconds, the material in the corner was melted. This
melting continued throughout the test and after 9 minutes, most of the ceiling material
was melted and fallen to the floor. One minute after the ignition burner was increased 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 4.7
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 4.7 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. 7: Full-Scale Energy Release Rate for R 4.07 Fire Retarded PVC.
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R 4.08, 3-Layered, Fire Retarded Polycarbonate Panel

The ceiling panels above the ignition burner began to deform 15 seconds afier
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 level 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 4.8 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.

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 1 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.

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.
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Figure 4. 8: 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 4.8 indicates, this increased L value
provides an extremely accurate prediction of the full-scale test. A heat of gasification
value of 9.0 kJ/g is completely arbitrary but indicates that although the Loveran avg. used is
not too far off, a higher value may be more appropriate.
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Figure 4. 9: Full-Scale Energy Release Rate for Varnished Massive Timber, R 4.09.

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 4.10 indicates, the model does a good job of predicting the performance
of the fire retarded plywood. However, the dependence of flashover on 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. 10: Full-Scale Energy Release Rate for Fire Retarded Plywood, R 4.10.

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.

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 Lpeak avg. value by the mass loss rate method (8.0 kJ/g) is used. Figure 4.11 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. 11: Full-Scale Energy Release Rate for Normal Plywood, R 4.11.

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
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 4.12
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. 12: Full-Scale Energy Release Rate for Fire Retarded Expanded Polystyrene
Board (40 mm), R 4.20.

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 4.13 indicates, the fire began to 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 Lpcak avg. by the energy release rate
method used may be too high for the material. Since there seems to be no consistency
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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. 13: Full-Scale Energy Release Rate for Fire Retarded Expanded Polystyrene

Board (80 mm), R 4.21.

Time to Reach Flashover

As mentioned above the key factor for determining material performance in the
room/comner 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 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.
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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, @ = 1,000 kW (s)

Material Full Seale Basic Adjusted Adjusted
Prediction | Prediction | Material Property
R 4.01, FR. Chipboard ® o 1113 L=45kl/g
R 4.02, Gypsum o 666 o 1.5-Lor 0.5-0"
R 4.03, PU/Alum. 40 — — —
R 4.04, PU/Paper 9 22 03-0" &2.0-L
. 99 0.22-Q"
R 4.05, Ext. PS40 96 & 614 64 616 0.15-0"
R 4.06, Acrylic 141 27 50 3.00L
730 0.5-Q"
R 4.07, FR. PVC B 726 o 03-0"
669 0.2-0"
R 4.08, 3-Layer PC o 230 o 0.1-0"
. 62 L=6.5kl/g
R 4.09, Mass Timber 104 612 100 L =90 ks
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-Q0"
R421,ExpPS80 |107&798° | 268 gg L o ;3ij e

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

4.5 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—ausing the T mi» determined 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.
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5. 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 [13]. The ability 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 [4] have developed an empirical parameter (b) which can be used to
examine the upward acceleration of a flame based on material properties.

where kyis a flame length coefficient (m%/kW), Q" is the energy release rate per unit area
(kW/mP), t,, is the predicted time to ignition (s) and #, is the predicted burnout time (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.

The energy release rate per unit area is calculated by
A AH . w
Q"= < (qig -oT, i;)
L

where AHc and L are taken as “peak average” values, oT,’ represents re-radiant heat flux
from the surface of the material and " is the ignition burner flame heat flux. This heat

flux controls ignition of the material and is taken to be constant over the height of the
ignition burner flame and equal to 60 kW/m® [18].

The time to material ignition can be predicted by
t, =—kpe| E—= 5.1

where kpc and T;, come from Table 4.1, T; is the original surface temperature of the
material (20 °C) and 4" 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®
[18].

The burnout time for a material can be predicted by
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The b parameter for a material can indicate the tendency of the flame to accelerate
towards flashover (& > 0) or decay until the material burns itself out (5> 0). Values of b
that are close to zero can be considered to be “borderline” materials. This borderline
region represents materials where small changes in either the material properties or the
exposure conditions can effect the outcome. The time to flashover (#5) is plotted against
the upward flame spread factor in Figure 5.1. The time to flashover can also be
normalized by dividing it by the time to ignition which is represented by;

This dimensionless relationship is plotted with respect to b in Figure 5.2. These values
are also presented in Table 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 [10, 19] along with the 12 LSF
materials analyzed here: the material numbers are proceeded by an “S”, an “E” and an
“R”, respectively. It can be seen that the materials generally follow this empirical
correlation. At low, negative b values, most of the materials will not go to flashover (#»
— ). As the 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 b number. This difference is most
likely due to the glazing being such a thin material and local melting that tends to occur
in the region of the burner. This melting 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 implied 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 S. 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.
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Cleary and Quintiere [4] indicate that the ratio of the energy release rate of the
material, Q, to the energy release rate of the burner, Qo , is equal to

.Q_=[(1+“)2'ea('—n“l] for1<T<Tp+1

0 a

___={J;Ha)"-z(e"""‘)]}.eb(,-.-,.)

0
0

(5.2)

forT=2Ty+1

0

where 7 and 7 are the dimensionless time and burnout time, respectively:

a is calculated by
a=k,Q0"-1
with krequal to 0.01 m*/kW, and

b=a—-1—

T
Kim [10] also shows that Q/ Q, is a function of the material fire properties:

_QQ_ ~ fla, a(T-1), a*Ty, b(T-1-Tp)}

where the empirical » parameter is based on the final parameter.
For a typical flashover energy release rate of 1,000 kW
.Q = constant

o

Therefore, for small values of Ty:

b(To—l—Tb) ~ constant for T2 (Tu+ 1)

122




Based on this empirical correlation, when 7, — I - 7; is plotted with respect to b, the data
should provide a parabolic relationship with the y-axis, x = 0, being the vertical
asymptote. As Figure 5.3 indicates, the data does indeed indicate a parabolic relationship
with those values below approximately -1.25 indicating infinite values. However, the
figure indicates a vertical asymptote of approximately -0.75 as opposed to 0.0.
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FigureS.3: 7, -1 — 7; versus b.

On the other hand, for large T, values, 1/Ty, is approximately equally to zero,
resulting in

a(Tfo - 1) ~ constant for T <(Tp+1)

Figure 5.4 also indicates an asymptotic relationship which is consistent with the
correlation. The vertical asymptote appears to be equal to —0.5 as opposed to the y-axis.

The previous analysis provides further indication that the empirical correlation
which has been presented provides an accurate method for categorizing materials in terms
of there potential to burnout or take a room to flashover. However, the current data
indicates that g and b values closer to approximately —0.5 to —0.7 are more consistent
with “borderline” materials which are more sensitive to the ignition burner output and
material properties.
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Table 5. 1: Flame Spread Acceleration Factor for Swedish, EUREFIC and LSF

Materials.

Material o (5) [t () | B (8 o | B b
S1, Ins. Fiberboard 59 25 413 236 | 16.52 | 0.59
S2, Med. Den. Fiberboard 131 72 590 1.82 820 | 0.57
S3, Particle Board 157 79 964 199 | 1220 | 0.16
S4, Gypsum o 89 45 © 0.50 | -2.35
S5, PVC/Gyp. Board 611 27 27 2263 | 1.02 | -0.30
S6, Paper/Gyp. Board 640 68 70 9.41 1.03 | -0.95
S7, Tex/Gyp. Board 639 72 20 8.88 028 | -046
S8, Tex/Mineral Wool 43 21 21 2.05 1.01 | 237
S9, Mel/Part. Board 465 | 147 631 3.16 429 | -0.28
S10, Exp. PS 115 85 41 1.35 049 | 471
S11, PU Foam 6 4 68 1.50 | 17.09 | 0.99
S12, Wood Panel 131 66 1026 1.98 | 1555 | 0.11
S13, Pap/Part. Board 143 95 1076 1.51 11.33 | -0.16
E1, Painted Gyp. Board © 176 86 o 049 | -2.67
E2, Birch Plywood 160 116 804 1.38 6.93 | -0.21
E3, Tex/Gyp. Board 670 111 80 6.04 0.72 -1.20
E4, Mel/Non-Comb Board © 102 130 o 1.28 | -1.25
ES, PF Steel/Min. Wool © 162 260 o 1.61 -1.53
E6, FR Part. Board 630 53 47 11.89 | 090 | -0.95
E7, Comb. Min. Wool 75 10 28 7.50 277 | -0.76
ES8, FR Part. Board o 669 294 © 044 | -3.08
E9, PF Steel/PU 215 115 179 1.87 1.56 | -0.69
E10, PVC/Gyp. Board 650 81 114 8.02 141 | -0.74
E11, Ext. PS 80 80 48 1.00 0.60 | 1.49
R 4.01, FR. Chipboard o 234 948 © 4.05 | -0.84
R 4.02, Gypsum o 33 43 - 128 | -1.40
R 4.03, PU/Alum. 41 2 17.72 1.04
R 4.04, PU/Paper — o 161 - 69.51 —
R 4.05, Ext. PS40 96 28 119 3.38 419 | 227
R 4.06, Acrylic 141 19 104 7.12 524 | 7.83
R 4.07, FR. PVC © 47 343 © 730 | -0.61
R 4.08, 3-Layer PC © 81 244 © 3.00 | 1.88
R 4.09, Mass Timber 107 11 1394 941 | 122.69| -0.46
R 4.10, FR. Plywood 631 5 1029 | 117.44 | 191.58 | -0.32
R 4.11, Plywood 142 10 729 13.92 | 71.47 | -0.04
R 4.20, Exp. PS40 87 26 166 3.26 6.23 1.07
R 4.21, Exp. PS80 o 30 290 o 965 | 0.06
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6. CONCLUSIONS

A simulation model provides fair predictive resuits of the ISO 9705 Room-Corner
test provided that the material test data are modified with a reduced energy release rate
per unit area to account for the removal of the material from the wall-ceiling orientation
by melting, dripping and other effects.

A methodology has been established that provides accurate representation of

LA RAINVLAAV UL TSR OUAISRNAS 2GRS PRV Ye GRSy AR woAS

time-resolved material data from the Cone Calorimeter including heat of combustion,
heat of gasification and total energy per unit area. A refined ignition model was
developed to account more exactly for radiation effects and long time ignition behavior.
This leads to a more appropriate way to extrapolate ignition data to determine the critical
heat flux for ignition.

A correlation based on linearized upward flame spread continues to give good
predictive results for the time to flashover.

This is an interim result and we expect to perform the same process for data
provided by the Building research Institute of Japan in the near future.
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