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STANDARD ROOM FIRE TEST RESEARCH AT THE
NATIONAL BUREAU OF STANDARDS

B.T. Lee and J.S. Steel
Abstract

Research results with the proposed ASTM standard room fire test for
interior finish materials are presented. The materials selected for the study
were two untreated plywoods, a fire-retarded plywcod, polystyrene foam,
polyisocyanurate foam, and gypsum board. Three 900 s duration test scenarios
were considered. Scenario A is a constant 180 kW ignition source exposure,
Scenario B achieves the same maximum exposure after three intervals of 30 s
each in which the heat release rate is increased in equal steps of 45 kW.
Scenario C evaluates a material over a 300 s exposure at a nominal 45 kW, with

exposure. at 180 kw, follnved by 300 s

another 300 sﬁat zero exposure. This zero exposure allows the material to be
screened for continuation of burning afterwards. The study demonstrated that
all three scenarios could adequately differentiate material fire behavior, in
terms of the maximum degree of fire buildup attained and the time to reach the

maximum, for the materials selected. However, scenario € would allow a more

comprehensive evaluation of materials.

Thermal radiation incident on the floor and room and doorway air
temperatures were found to be suitable parameters for determining room fire
buildup including room flashover. Surface flame spread and rate of heat
release are discussed for the room fires. Unit area bench-scale rate of heat
release data from the cone calorimeter may be predictive of the full-scale
data when melting and dripping (which changes the active burning area) or very
slow to ignite fire retarded materials (whose retardants may be baked out) are
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not involwved. Further full-scale testing is desirable to establish more

confidence and delineate the limits of walidity.

Keywords: fire growth, flame spread, heat release, interior finish,

room fire, fire test method.

1. INTRODUCTICN

Room fire testing of interior finish materials is often the only way to
evaluate the fire hazards of some materials. Presently, most room fire tests
are conducted in enclosures having a single opening. Fire growth studies in
rooms having multi-openings are needed to help generalize room fire behavior
as a function of room confipurations. Traditionally the ASTM E 84 tunnel test
[1]! has been used by the U.S. building codes to rate the flammability of
interior finish materials.. & Class A material, with a flame spread index
(FSI) equal to or less than 25 from the E-84 test, is considered to be safe
for use in most applications. A FSI classification of 30 would then also be
expected to be almost as safe. However, a room lined with a Class A foam
plastic (tested at Underwriters Laboratories) reached flashover in less than
120 s when exposed to the flame from & 2.1 kg (20 1b) wood crib [2]. A
subsequent fire test run at the National Bureau of Standards, with a room
lined with FSI 30 polyurethane foam, exhibited flashover in 17 s when exposed
to a gas burner with a constant net heat output rate of 80 kW [3]. The latter

heat output represented only a small fraction of that needed to flash over the

INumbers in brackets refer to references at the end of this report.
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space. Previous studies [4] indicated that at least 300 kW was reguired for a
similar sized, well insulated test room to reach flashover in under 600 s.
The avoidance of flashover is particularly important as the event represents a
transition from a fire in which the flame spread can normally be confined to
the room of fire origin te a fire which could readily involve the active
burning of adjoining spaces and, eventually, of the entire structure. Once
flashover has occurred, the fire can spread outside of the room of fire origin
by two mechanisms other than by heat conduction through the walls and ceiling.
One is the ignition of combustibles by direct contact with fiames and hot
combustion products leaving the room. The other is ignition by thermal
radiation levels of 20 kiW/m?® or more through the room opening. Time to
flashover has been defined in a proposed method for room fire testing [5] as
either the time when the radiant flux onto the floor reaches 20 kW/m? or the
temperature of the air near the ceiling (hence, also in the dooxrway) reaches
600°C. The proposed method "recommerrded that the sportanecus ignition of a
crumpled up single sheet of newspaper on the floor would provide a visual
indication of flashover as would be the flame extension beyond the doorway
usuall
whichdyael;y- ccur at about the time of flashover. Of these above events
indicative of flashover, the value of 20 kW/m® on the floor is the most
critical. At this flux level, spontaneous ignition of light combustibles
oceur in the room of fire origin and the fire will very rapidly grow to
involve virtually all combustibles in the room. For the above two foam
materials, a "safe" E-84 rating was, in fact,not "safe" at all. Indeed,
evidence shows that room fire testing offers the only current means for
accurately measuring some-of the fire hazaxds-ef synthetic-foam wmaterials

©, 7
[2,6,7]. In studies with painted and unpainted insulation materials L?fﬁ], no
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correlations were found between their room fire test behavior and their
performance on laboratory tests which measure ignitability, flammability, heat

release rate, and smoke generation.

The potential fire hazards of such foam plastics led ¢o building code

requirements that foam plastic materials must have an E-84 rating of 75 or

L At

lesz and be covered with a thermal barrier layer equivalent to 12.7 mm thick e

. AT
gypsum board; however, if they are te be exposed, their fire safety. must be ¢@g77f ’
g - et

demonstrated by a full-scale room fire tst [8,9,10]. In the Uniform Building fﬁxjig
[ i P st
LA
Code of the International Conference of Building Officials (ICBO), a J o et
B
particular room fire test, with a wood crib as the ignition source, was ﬁﬂﬁ;jwia
Jf,/ g

£

specified for this purpose [8]. A task group was then set up to develop a
modified version of this ICBO test which would be acceptable as an ASTM
standard test method. This modified test used a propane burner instead of a
lgwition-sonres and-called for the measurement of heat
release rate from the fire. A proposed method has been published in the grey
pages of the 1982 ASTM Annual Book of Standards [5] for information purposes.
At the present time, Task Group 1 of ASTM subcommittee E 5.13 is actively
working on the improvement of this proposed standard. This test method has
been used in the United States at the University of California at Berkeley,
the Weyerhaeuser Company in Longview, Washington, and the Natiomal Bureau of
Standards. The results from the University of California and the National
Bureau of Standards have been published [11,12,13]. 1In addition to
requirements regarding the room and ignition exposure, the method specifies a
hood outside the doorway to collect all of the exhaust. gases in order tec

provide information on the rates of heat, smoke and toxic gas production.
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Before the test method can be accepted as an ASTM standard, a suitable heat
release rate scenario for the ignition source has to be agreed upon and
interlaboratory evaluations of repeatability and reproducibility should be
conducted. It 1is necessary to be able to apply this standard room fire test

method to all materials not just foam plastics.

Eventually, room fire tests could be replaced with a mathematical model
which could predict fire development for other room sizes and configurations
and ignition conditions, based on infermation from bench-scale tests and
material property measurements, Prerequisite to this approach are (a) the
need for an improved understanding of surface flame spread and its relation to
the thermal enviromment in the room and (b} a well-documented data base from a

variety of room fires.

With all these considerations in mind, - -the objectives of the present

project and of this report are:

v o
L b

ﬁ(}

ﬁjgg,}”Jl 1. to investigate the effects of three different heat release rate

exposures for the ignition source on the room fire behavior of a
variety of interior finish materials having a broad range of fire

properties,

#h "9 to evaluate the various methods used for determining room flashover,

,ﬂily 3. to provide surface flame spread data from resom fires as a function

of the degree of fire development in the room, and
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;u’ 4. to examine the practicality of the operational procedure recommended

in the proposed standard.
2. EXPERIMENTAL

The inside dimensions of the test enclosure are 2.54 x 3.71 x 2.49 m,
The two side walls and rear wall ar constructed of concrete masonry block,
The front wall (containing the door) and the ceiling are constructed of 6.4 mm
calcium silicate board. The doorway has dimensions of 0.76 x 2.03 m and was
located at the center of the wall. Furring strips of either wood or metal are
used ont the concrete masonry block walls to adjust the finished interior
dimensions of the burn room to Z2.44 x 3.66 m, Similar strips are used on the
ceiling to adjust the finish height of 2:3;%m. The floor is reinforced

concrete, protected by a layer of gypsum wallboard,

Figure 1 is a schematic of the test room and exhaust hood. This hood
has horizontal dimensions of 3.7 x 4.9 m and discharges into a 1.2 m square
duct. The ducting is comprised of an initial upward section, then a downward

portion, and finally another upward section,

cod AT

2.2 Test Materials . QJU(— %ﬂ“/
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In the assessment of the fire test method, six materials having

G A

significantlyCdifféfént)flame spread behavior or heats of combustion were used

in this study. These materials are indicated in Table 1. Gypsulm board is

fire resistant and is used extensively in residential occupancies and thus was
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chosen as a reference material. Polystyrene and polyisocyanurate foams are,
in practice, used only when protected with a fire resistant barrier such as
12.7 mm thick gypsum board. In this study, these foams were used fully
exposed to exemplify interior finish materials having widely different flame
spread characteristics. In addition, polystyrene was chosen for its tendency
to melt and drip when exposed to a fire. One plywood was selected as
representative of wood paneling having no fire retardant treatment. A
thickness of 12.8 mm was selected to assure a sufficiently long involvement
without burnthrough for the assessment of the different fire exposure
scenarios which last as long as 900 s. The 5.6 mm plywood was similar to that
used in the room fire test at the University of California [12] and was used
to assesg the reproducibility between the two facilities for this material,

Fire retarded plywood is becoming commonplace in the home and therefore a

5/

representative sample was included. /&’ /p”/Lﬂ/
; 2 o [
. » L;L«;y e | 2&!/7:6
M/ ,(/”j /l/)/t . ,(;p/l/"&d,/}{ /f_‘/z s
f LA ol Mb‘2 3 Test Program / ﬁlzwﬂﬁv £ /
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In the selectlon of ignition exposures, the expéﬁufe should be large
4
—
enough to adequately assess the fire hazard potentlal of materlals but should

W
not be so large as to derwhelm the materials belng evaluated) At the Swedish

National Testing Institute [14], full-scale room fire tests have been

conducted using a propane burner, positioned in a back corner, operating at

e

100 kW for the first 600 s and at 300 kW for another 600 s. An Sffzéer study A

[4] indicated that 300 kW could result in flashover conditions in a non-

flammable, wall—insul%Led(sest voonm. - Fhus,. this supocsurc -was considered to be
f

too severe. A maximu% exposure of 160 kW, proposed In 1982 by Task Group 1 of

’ 14
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ASTM subcommittee E 5.13, was chosen for this study. However, an error in
calibration resulted in a value of 180 kW for the maximum exposure.
' M" ,
e . . .
‘Jf n Three ignition exposures, each eventually producing a maximum value of
180 kW net rate of heat release, were used and are shown in Figure 2. This
i maximum rate corresponded to a nominal propane gas flow rate of 2.06 2/s at
20°C and 100 kPa. Exposure A was a constant 180 kW maintained for 900 s and
was chosen to evaluate the effect of a severe sudden thermal insult on
materials, Exposﬁre B, proposed by Task Group 1 of ASTM E 5.13, started at
0.25 of its maximum value, increased to 0.50 of its maximum at 30 s, to 0.75
of its maximum at 60 s, to its maximum in 90 = and was maintained at that
level to 900 s. This exposure was chosen to evaluate the effect of having an

increasingly severe fire exposure on materials. Exposure C started with 0.25

" of its maximum value, maintained for 300 s, increased to the maximum for
‘ﬁna.l 2op <
another 300 s, and the ignition source was then turned off for the4period‘
Exposure C was selected to evaluate the effect of a longeﬁ)low fire exposure
on materials, particularly charforming materials such as rigid foams and wood,
and to examine their subsequent behavior under a severe fire exposure. This

exposure also allowed an evaluation of the self-sustained fire spread

characteristics of materials.

The é;t program is summarized in Figure 3. For tests 1-15, 19 and 24,
the test specimen fully covered the back wall, the two side walls, and the
ceiling. The remaining tests had either the ceiling or the three (side & amd
back) walls covered with the test specimen. The 5.6 mm-tirick pilywood 1 -was

used only once, to check on the reproducibility between tests conducted at the
/ /“/)x j“’w&/ A L el

Tk e T gt
s
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National Bureau of Standards and at the University of California [12] using
ignition exposure B. Exposures A and C were used for the plywood 2 to bracket
the material’s behavior under the least and most severe of the three

eXposures.

2.4 Test Procedure and Measurements

With the specimen material in place, the interior dimensions of the test
room were in conformance with the recommended standard room size of 2.44 m =*
25 mm by 3.66 m *+ 25 mm by 2.44 m + 13 mm high. The interior finish material
to be tested was mounted over 13 mm gypsum board. For the foam plastics, the
specimen was glued to the gypsum board using 3M-2226 adhesive made by the 3M

Corporationy?

For the 5.6 mm plywood, the room construction replicated that
used in the University of California test. When the specimen lined only the

wall surface or the ceiling surface; the remaining ceiling or wall surface was

the gypsum board substrate.

The relative humidity in the fire room was maintained with a humidifier
between 42 and 55 percent for at least 24 hours prior to the test. The
temperature of the laboratory was controlled such that the test room was

maintained within the proposed test value of 21 X 3°C.

ZNote: Certain commercial-materials and eguipmert -ars identified in this
report for completeness. Such identification does not imply recommendation or
endorsement by the National Bureau of Standards, nor does it imply that the
materials or equipment are necessarily the best available for the purpose.

16




A 305 mm by 305 mm by 305 mm high propane gas diffusion flame burner in
one back corner served as the ignition source. In this series of tests, GC.P,
grade propane was used in lieu of the less pure commercial grade to avoid
possible fractionation problems. In each test, the firé was allowed to
continue past peak fire intensity before extinguishment. The flux levels on
the back wall over the burner, at the 1.22 m and 1.83 m heights above the
floor and 0.15 m away from the corner, are given in Table 2 for the burner
operating at the 180 kW setting in the room lined with exposed gypsum board.
The flux levels in Table 2 can be used as a check on the reproducibility of
the ignition source intensity when such tests are repeated at other

facilities. The data in the table also showed that there was no significant

e NP R -

Ea
change in flux 1eve1§/@hen the coolant waternto the fluxmeter was varied frogmuﬁ‘\

°C to 70°C AL R

. Al SN
T {J;_;u
h’%bx”

%

Locations of the instrumentation used for the room fire tests are shown

in Figure 1 and listed in Table 3. The output of each transducer was recorded
every 2 to 3 seconds. The rate of heat release was calculated from
measurements which were made in the ducting leading to the smoke abatement
equipment for the building. These measurements were taken in a section of the
duct where the gases are flowing downward; the gases are believed to befmor fﬁi:z;{ ~
I N .
uniformly mixed at such a location. The heat release rate was determined
using the oxygen consumption method [17] which depends on measurements of mass
flow and the oxygen concentration. The mass flow was measured with an array
of nine pitot-static tubes, each with its own pressure transducer, and an
array of nine thermocouples. The oxygen concentration was measured at th?/,é/;“f
) i 2
center of the duct using a paramagnetic gas analyzer. The pressure geE ;
. A
L]

7/
7
17 bt
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transducers has unsteady output signals reflecting turbulence in the ;,é
g™
airstream, and these signals were smoothed using active filters with ten
' I
second time constants. (Each filter used a 10 microfarad capacitor, two one

megohm resistors and a chopper-stabilized operational amplifier to time-

average the signal from one transducer.)

The heat release rate measurement was calibrated at 250 kW using a square
diffusion burner, 0.305 m on each side, installed under the hood. The propane
flow to the burner was determined both by the mass loss rate of the propane
and by the volumetric measurement of propane flow with a rotameter. The
calibration factor which had to be applied to the heat release rate
calibration was determined by this procedure to be 0.70. For calibration
between 250 kW and 4 MW, natural gas was used. An orifice meter made to AGA
and ASME specifications and the dry gas displacement metqu’ﬁggd for metering
the natural gas to the building, were used to measure thé gas flow to the
burner in this case. The calibration factor of 0.70 was found to hold for the
higher heat release rates. This calibration factor was substantially below
unity because true straightened streamline flow had not been achieved in the

measurement section. The calibration curve for the heat release rate is glven

in figuré?ﬂ.

There is a response delay for the oxygen concentration measurement which
is a composite of the transport time for the effluent to reach the gas

sampling location, the transport time within the gas sampling system itself,

_}’i
a
and the response time -actuatiyrFegquited By-the oxygen analyzer. (In this

instance, the time required by the gases to reach the sampling point is much

18



larger than the other two components.) The measurement of the flow velocity
also has a response time due to the filtered ocutput of the pressure
transducers which monitor the pitot-static tubes. Babrauskas [18] gives a
discussion of warious methods of correcting for the time delays in this hood

before choosing a delay of 30 seconds as a reasonable approximation. Based on

o 2477 7 that—discussion the data on heat release rate presented in this report have

been adjusted by subtracting 30 seconds to correct for the system response

time.

Lo A e s DAL AR e e o,
(. e B S
+ A T T
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1"@“k}§1 The hood was also used to quantify smoke from the room fires in terms of ™

i
v
1

d7

4/ -
/ a critical cross section which is based on optical density and mass flow

e

\\EEiEEEiTEEEi_EE_EEf“EiSE_EESEHEEEl;rThe optical density across the exhaust
duct was measured with a laser photometer and is given by
0.D. = log,, 100 _ log, ,e*?t = 0.434 KoL
T
where T is the percent transmission measured with the photometer, K is
the specific extinction coefficient in m®?/kg, p is the smoke density in kg/m?

and L is the path length in m across the exhaust duct. The critical cross

section is given by

t t
E - IOKTdet = ZLi— fo "EO.D.) Vdt

where V is the volume flow in m®/s in the duct referred to the stream

temperature and t; is the duration of the test in seconds.

Prior to rvoom flashover, fire growth was followed using the maximum air
temperatures reached near the ceiling and near the top of the doorway and by

the thermal flux incident on the floor.

19



K\E?e thermal flux incident on the floor....—---

i e e
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temperatures reached near the deiling and near the top of the'doorway and by ?

1

Pt

In the determination of room flashover, the times were recorded at which each

of five criteria were met:

pivilg
t
0

# 1. flameover, defined here as the emergence of visual flames

S
Jﬁa' . from the doorway (t;)},

2. the visual ignition of crumpled newspaper on the floor (t;,),

3. the attainment of a heat flux of 20 kW/m® on the floor (t;,,..),
4. the attainment of an average air temperature of 600°C or

higher mnear the ceiling (t;), and

5. the attainment of an average air temperature of 600°C or

higher near the top of the doorway (tj).

In tests 1B to 19, vertical and horizontal grid lines were drawn on the
walls and ceiling, at 0.305 m intervals away from the corner where the burner
was situated, to help follow the surface flame spread. In tests 17 to 19,
thirty-three surface thermocouples were loc%ted_on the walls at locations

shown in Fig. 10.

20



Still phoppg;a§h§\and continuous video cpyqygge{of the burner flame and
adjacent walls and ceiling were taken to allow mapping of the surface flame
spread as a function of time, Only the flame spread along portions of the
back wall and ceiling could be viewed through the doorway. The flame spread
profiles for the remaining portions of the room had to be estimated based on
past experience with room fire testing of interior finish. The estimated
profiles along the left and back walls were assumed to be extensions of what
were cobserved along those surfaces and were assumed to commnect with the
observed spread along the ceiling. Estimated profiles along the right wall

were drawn to be consistent with the projected ceiling profiles and assumed to

<
have(iiffiif/gﬂggggjas those for the left wall.

The operational procedure followed that described in the proposed room
fire test method [5], except that purer, C.P. grade propane, instead of
commercial grade, was used and-that thermocouples penetrating through the
ceiling, instead of being mounted on supports inside the room, were used for

recording the air temperatures near the ceiling.

3. 'RESULTS AND DISCUSSION

T
-

\§~l__E££iSF of Ignltlon Source Hlstory on Flre Dev*lop —”x/j

Uncertainties must be estimated for the various measurements before a
meaningful comparison of the data can be made. Temperature measurements with

type K thermocouples used im-this stedy are ecﬂsisﬁvﬁt"to within + 2 #8 o

0.75 percent, whichever is greater [20]. Flux meaéurements with Gargon type

#
]
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fluzmeters, in these room fire tests, are accurate to * 3 percent [21]. From

e, the heat release rate measurements could be accurate to * 0.05

MW for rates up to 1 MW and * 5 percent for higher rates. Smoke measurement,

expressed in terms of an extinction cross section could be measurable to )4Aﬁ¢d f/
. -7

within * 20 percent, although this estimate is somewhat crude. With the Py

newspaper flashover indicators, there is evidence [22] that variation in the

thermal and physical properties of newspaper could result in the crumpled

newspaper igniting over a range of fluxes between 17 and 25 kW/m?.

Test reproducibility could pose a problem. Unfortunately, this is
difficult to deduce because only one test with the fire-retardant-treated
plywood and another test with the polyisocyanurate were repeated. There were
problems with the conditioning and uniformity of the treated plywood, and
these will be discussed later. As for the polyisocyanurate, the data from
test %é,;ere practically identical with the limited data from its repeat test
24, In tests 17 and 18 with the plywood lining the walls, only the ceiling
materials were different. Test 17 had an inert caleium silicate board
ceiling, while test 18 used a gypsum board ceiling which had a fairly low
combustibility. Much longer times were needed to achieve 600 to 650°C in the
doorway in test 18 than those in test 17. This might have been a consequence
of the larger thermal losses to the ceiling in test 18 due to the higher
thermal conductivity of gypsum board. @%ﬁis apparently did not affect the
interior temperatures, because the interior thermocouples were located (0.10 m
below the ceiling) below the cooler layer adjacent the ceiling. The funneling
of this cooler air out the doorway might have brought-the cooler air -down past

Lo
the doorway thermocouples in test 18. Aside from the doorway data, botlrtests

22



gave results which were within 15 percent of each other. This was consistent

7\

with findings from a series of quarter-scale room fire tests of interior
finish materials {23] that reproducibilities of about * 20 percent in

occurrence times were possible for each of these same flashover indicators.

3. glect of Tynrhon Source Histony on Fire Devtlopmer

7
L

" L In this series of tests, one would expect that as the ignition exposure
S

G p d 'ij(,-fi

uy! )Qf?}wincreases in severity from exposure ¢ to A, the values of pre-flashover
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4 V)f}\ﬁyj@arameters (peak values of heat release rateégl alr temperatures, and thermal
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& L~ v radiation) would increase with decreasing times of their occurrence,

p

providing the resulting fires are sewere enough such that the measurement
v
A t

A uncertainties would not mask such effects. An examination of Tables 4 to 8 NoT ¢
o
4 shows that the uncertainties in measurement masked any effects of ignition

exposure in tests 1B to 3B with the gypsum board. In tests 7 and 19 with
plywood 2 and tests 9 to 14 involving the polystyrene and polylsocyanurate,
the times to reach flashover, based on all five criteriz discussed in section
2.4, were considerably shortened as the ignition exposures changed from C to
A, TFor the polyisocyanurateA?;\test 14, exposure C initially had little
effect on the material. When the burner level was increased to that of
exposure A at 300 s into the test, the fire development in test 14 then
proceeded to behave much like that for test 9 with the scenario A ignition
o ams
exposure. Smoke production at exposure A for both bheem® was considerably
grater than those at exposures B and C. In tests 16 to 18 and 20 to 23, where

the test material was used only on the walls, similar changes in the room fire

development occurred with increasing severity of the ignition exposure.

3§§;te that these values are determined by measurements in the exhaust
system, and thus include both the heat being released within the test room and
any burning in a fire plume outside the door.
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The different ignition exposures gave erratic results for the fire
retarded plywood. This was attributed to two factors: (1) nonuniformity of
material properties in the batch of treated plywoods{A second batch of fire
retardant treated plywood received from the same supplier appeared
significantly different in color, suggesting that some differences in wood or
in treatment may have occurred even through the plywood was stamped with the
same treatment identification. This new batch was not used in the present
study.),énd (2) difficulty in conditioning the material over a reasonable
period of time. An electrical resistance moisture gage was periodically
inserted into the material to ascertain whether steady state conditions had
been achieved. The gage could not be used to guantify the moisture content as
the measurement was affected by the fire retardant additive. However, after

to &
two weeks, the gage readings indicated steady values and tgsts AAwere
performed. With exposure A, no ignition of the newspaper flashover indicators
occurred and a flux of only 13.8 kW/m’> was measured on theé” floor. Subsequent
tests 5 and 6, with exposures C and B, respectively, resulted in ignition of
one or both newspaper indicators in each test with higher fluxes incident on
the floor. Test 15 was a repeat of test 4, using the remaining panels, which
had been conditioned at about 22°C and 50 % 5 percent relative humidity for
several months. Test 15 resulted in ignition of the newspaper flashover
indicators and reached 20 kW/m® on the floor at 847 s. It can be concluded
that materials having probablf.differences in composition or nonunifermity in

fire retarded treatments should be conditioned over a range of times and fire-

tested periodically to check on their consistency in fire performance. ‘f L

/%;Vr _ f”ﬁﬂx,/ié/-'AAAli
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The data in Tables 4 and 5 show that the three ignition exposure
conditions could result in different fire behavior when the test material
covered only the walls and when the material covere§7Poth the walls and y¢W°£;~ £ .
ceiling. Hewever, fﬁe relative fire éffféi{ZE%E%EﬁE of these materials é»ﬁj;%j:%,f_i
depended on the exposure condition used and on whether the material lined b;;h
walls and ceiling. For example, when the room was fully lined with the test
material, exposure A ranked the materials in the following order of increasing
hazard, based on times to reach room flashover (20 kW/m? on the floor, except
for test 10, where the newspaper indicator was used in lieu of no flux datum):
gypsum board, fire retarded plywood, plywood 2, polystyrene foam, and
polyisocyanurate foam. However, when exposure C was used with a fully-lined
room or when exposure A was used in a room where the material lined only the
walls, the polyisocyanurate material resulted im longer times to flashover
than those for the plywood 2 and polystyrene. Exposure A was chosen for the
case where the test material lined only the ceiling because tests Z and 3B
showed that the burner flames for the initial parts of exposures B and C did

not reach the ceiling. With the test material on the ceiling under exposure

A, the polyisocyanurate also resulted in longer times to reach flashover than

did those for the plywood 2 and polystyrene 2L (jg}wvﬁ e ‘{szi;J
7 R LT /

/WM

3.2 Comparison of Results with University of California Test

The conditions in test 8 with the 5.6 mm grade AD plywood were planned
to be the same as in test €-213 conducted at the University of California
L.

[12]. A comparison of results from the two tests is given in Table 9. Ths

rate of heat release curves are shown in Figure 5. These Indicate a
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substantial difference between the two tests. Test 8 resulted in a more rapid
fire buildup than C-213, in part because the ignition exposure in test 8 was
found to be 12 percent higher than that used in test €-213. In addition, the
plywood specimens used in the two tests were each purchased locally and might
not have been identical. Third, the specimen conditioning prior to test might
not have been the same. Despite those factors, it is interesting that all of
the five flashover indicators occurred at times within the experimental L////
repeatability expected between similar runs. 'V,Aﬁf&b o

aal

3.3 Comparison of Various Methods for Determining Flashover

The cccurrence times for the five criteria discussed in section 2.4 are

shown in Tables 4 and 5 under headings of tp, tpy, tpioers ty,» and ji;jf:)

<:j;;:i;;;;g;f;ll of the tests, all five flashover parameters for each test

gave times which were close to each other for severe room fires (e.g., fires

having a flux of 20 kW/m® or more on the floor, or newspaper flashover as in
test 10 when the flux was not available). Table 10 compares statlstically the
data from the five methods for determining room flashover for each test. The
high coefficlents of variation for runs 9 and 15 were not surprising as some
of the data for run 9 were estimated values (interpolated between data values
10 s apart when the fire was growing rapidly) and localized heating at the
ceiling in test 15 resulted in t; values that were much too fast. Table 11
used the same data excluding the values for t; and t; for 600°G. This lowered
the coefficient of variation for mest of the runs meaning that t; and t; based

onn the higher temperatures of 700°C and 650°C, respectively, resulted in
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better agreement with the rest of the flashover parameters. Table 11
indicated that, aside from tests 9 and 15, the flashover indicators had
coefficients of variation of less than 14 percent. For less severe fires, one
or more flashover criteria were not satisfied. Since the range of the five
times was narrow, one can use the most comfortable or practical criteria. The

following discussion helps with which to use.

Flameover did not always occur for the situation where there was
sufficient thermal radiation to ignite combustible items in the lower part of
the room. Test 6 illustrates this case. In that test, both newspaper
flashover indicators ignited and both interior and doorway alr temperatures

exceeded 600°C. Yet no flameover occcurred.

In the case of the newspaper indicators and fluxmeters, burning material
falling from the ceiling could-gffect 'their reliability.  For example, test 15
had its newspaper indicator at the back of the g;m ignited by falling embers.
For rapidly-developing fires, it is sometimes difficult to determine whether
this is the case. Material falling over the flux meters could either obscure

or transfer additional heat to the fluxmeters.

Alr temperatures measured near the ceiling could be affected by local
heating and flame contact, resulting in readings that are higher than average
with consequent premature times for flashover. For example, in tests 15 and
18, the times for t; based on the attainment of 600°C were too soon compared
with the times for t,, ty5, tpige., @nd T,. Tables 4 and 5 show that having

t; correspond to an interior air temperature of 700°C resulted in closer
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agreements with the other flashover indicator times for test 18. However, the
value for t; was still too short for test 15 and the t; for test 4 indicated
flashover at 240 s, which was inconsistent with a floor flux of 13.8 WW/m? and

no ignition of the newspaper flashover indicator.

The peak doorway air temperature may be a more reliable indicator of the
fire buildup than is the interior air temperature. The hot air inside the
m
room usually becomes well mixed by the tige it is exhausted through the

doorway. However, inconsistencies still occurred with the use of doorway air

temperatures. For example, Table 4 indicates that a t; based on 600°C gave a
flashover time of 300 s for test 4, which was inc%ngistegt with a no flashover
indication from the floor flux and newspaper ignition indicators. A t; based
on 650°C resulted in a no flashover indication for tests 4. However, a ¢

based on 650°C resulted in & no flashover indication for test 26 in Table 5 in

contrast to the other itndicators showing Fflashover.

In summary, there are problems which can arise in determining flashover
by each method. Thus, it is necessary to have more than one reliable method
for indicating flashover. Analysis of Tables 4 and 5 'indiéates that
flameover, a 20 kW/m? flux incident on the floor, flaming ignition of ecrumpled
newspaper, an interior upper layer air temperature of 700°C and a doorway
upper layer temperature alr temperature of 650°C comprise a reasonable list

from which to choose. For following fire buildup short of flashover all but

flameover and the newspaper indicator are useful. ;{LA}J”L f)gﬂkv
e o
joﬂir‘ t%”{ JEE;fA)
i i
3.4 Fire Growth Data L ﬂﬁzt
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Figures & to 10 show the flame spread patterns at selected times for the
five test materials which were evaluated under test conditions of exposure A
and where the test specimen covered both the walls and the ceiling (tests 1B,
g, 10, 15, and 19). These five tests were chosen as the easiest cases for
mathematical simulation of the room fire growth due to their comstant ignition
exposures and uniformity of materials on both the walls and the ceiling. The
room surface areas covered by flames at selected times for these tests (except
for test 1B) are given in Tables 12 to 15, Test 1B was lined with gypsum
board. There was little or no flame spread with just the flame impingement
zone darkened by the burner flame. In test 19 with the plywood 2, the exposed
surface was Instrumented with surface thermocouples as shown in Figure 10.
The times of arrival of the flame front at specific locations on the Yack wall
agreed with those estimated from isotherms based on an ignition temperature of

350°C for wood.

This same procedure was repeated for tests 17 and 18 with the plywood
2 lining just the walls of the room. The flame spread results are given in

Figures 11 and 12.

As an aid for future understanding of surface flame spread and icJ
dependence on the enviromment, oxygen concentrations in the room were
monitored for tests 17 to 19. The data are given in Figures 13 to 15.
Ceiling fluxes were also measured in tests 17 to 19, and these are shown with

fluxes taken at other locations in the room in Figures 16 to 18.
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Wall flux data at two locations on the back wall are given for all of
the above tests in Tables 16 to 21. Times were also Indicated in these tables
for the arrival of the flame front over each fluxmeter, for room flashover,

and for complete coverage of the room linings.
3.5 Heat Release Measurements

The rate of heat release histories for tests 7 to 27 are shown in
Figures 19 to 27. For the gypsum board tests, these curves were the same as
those for the propane burner within the measurement scatter of * 50 kW. Thus
they were not included. For the fire retarded plywood, the peak rates in
tests 4 to 6 were an order of magnitude lower than that for test 15. The heat
release histories for tests 4 to 6 look similar, but with lower peak wvalues,
to the first 600 s of that for test 15, Only the wwrsé'case for the rate of
heat releage history ds given, i.e.,test 15, and is shown in Figure 19 along
with the history for test 8 with plywood 1. Figure 20 compares the results
for plywood 2 under exposures A and C. Figure 721 shows the heat release rate
histories for plywood 2 lining just the walls under similar exposures, The
same figure shows -the differences in the rate history when the gypsum board
ceiling was replaced with calcium silicate board. Figure 22 compares the case
where the plywood 2 lined just the ceiling with those where the plywood 1ine¢,
the walls alone and lined both walls and ceiling. Figures 23 to 25 give the
heat release rate behavior for the room partially and fully lined with the
polystyrene under different ignition exposures. Similar rate histories for

the polyisocyanurate are given in Figures 26 and 27.
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Peak rates of heat release and the rates occurring at the time, when 20
kW/m? was measured at the floor (tp1,,0), are presented in Tables 6 and 7.
For the plywood materials covering the walls and ceiling, the rates at time
trioor Yanged from 1.7 to 1.2 MW. This was consistent with a value of 2.1 MW
found for plywood tested at the University of California [12]. When
polystyrene was used on the walls and ceiling, the rates at time t;,_,, ranged
from 3.1 to 4.2 MW. Tests with polyisocyanurate resulted in heat release
rates of 2.2 to 3.2 MW at time tFAn?he data on heat release as a function of
time had been adjusted by subtracting an estimated measurement system response
time of 30 s, as discussed in section 2.4, 1In the tests of the polystyrene
and polyisocyanurate foams, the heat release rates were rapidly increasing at

the time of t A small uncertainty in the system response time could

or forgav
thus result in apparently significantly smalle51rates at time t

Floor *

Floor ®

These measured values can be compared with those predicted with a rough
analytical procedure [24] which assumes that only the fuel heat release rate
and the available air supply, expressed in terms of the room ventilation
factor WH3/2 (where W and H were the width and height of the opening), are
needed to estimate the room flashover potential. Use ofd;nalytical;?;;u %EET
in the prediction of a typical rate of about 1.3 MW required for flashover in
the tests conducted in this study. This is in reasonable agreement with the
range of 1.0 to 1.6 MW for the walls-only tests. Flashover for the faster-
developing fires, as represented by the walls-and-ceiling tests, occurred at
higher than predicted heat release rates, making the estimate conservative for

these purposes. As for minimum rates needed for room flashover, evidence

showad that for long duration fires and fires in highly-insulated rooms, rates
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5 ¢ |was assumed that the net heat of combustion of the residue was the same as
,\( /\/UJUW()

as low as 300 kW could suffice [4]. A more exacting procedure, which takes
into account the physical properties of the interior finish, room size, and
doorway openings, is also available for estimating room temperature, and hence
the potential for flashover, as a function of heat production rate [25].

However, it can not accommodate rapidly varying fires.

Integrating the rates of heat release shown in Figures 19 to 27 over
time gives the total heat produced in each fire test. In Table 22, this total
heat was compared with that calculated from the total weight loss of the test
material multiplied by the net heat of combustlon to determine the combustion
efficiency for the materizl. (The net heat is equal to the gfoss heat minus

the heat of wvaporization of the water produced.) In all of these tests, it
5
3

B

-~
5

The net haat ofF CA‘n}y_,i,!(.‘fi{,\ Loty p}ymrg/ Sned . pnd Fla Ole-petorded P ah

}that for the virgin material. For the plywoods, the combustion efficlency was 1S/
about 0.90 when the material lined both the walls and ceiling. When the E.E}S
plywood lined just the walls or the ceiling alone, the combustion efficiencies o
were about 0.73 and 1.0, respectively. These two latter values were too high
because the combustion of the gypsum board paper surface was included in thelr
calculation. The combustion efficiency was about 0.4 for the fire retarded
plywood. Representative net heat of combustion values of 38 MI/kg and 26
MJ/kg for the polystyrene and polyisocyanurate [16], respectively)were used.
% The combustion efficiency for the polystyrene, covering both walls and
}ceiling, was 0.53, This compared with a value of 0.59 from laboratory
material property tests [26]. Similarly, the combustion efficiency for the

polyisocyanurate averaged about 0.57 compared with .53 from laboratory tests

[26]. With the material lining just the walls, the combustion efficiency for
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the polystyrene was less than 0.13 and was uncertain for the polyisoeyanurate

due to uncertainties in measuring the small mass loss and heat release.

3.6 Comparison with Cone Calorimeter Data

The same materials tested in full-scale were tested in bench-scale in

the cone calorimeter [27]. This test method also used oxygen consumption as

its measurement principle for determining rate of heat release and was
published by ASTM as a grey-pages proposal [28}. The materials were tested at

25, 50, and 75 kW/m? irradiances, using a spark ignitor as the ignition

source. With the exception of the room tests with the polystyrene and
possibly with the polyisocyanurate, Tables 16 to 21 showed that the flux
incident on the back wall surface fluxmeters away from the burner flame, at
about the time of flame passage, varied roughly over the same range as from
the exposure levels of 25 to 75 kW/m? used in the cone calorimeter. With the
exception of these same tests with the polystyrene, the fluxes to the back
wall in the upper part of the room generally exceeded 40 kW/m? several seconds
following flashover. 1In the tests of the polystyrene, the wall fluxmeters
measured relatively low flux levels at the time of flame passage and at times
shortly following flashover. This could have been due to some obscuration and
cooling of the fluxmeters by the melting and dripping foam plastic. In all of
the tests, these fluxes to the wall reached between 50 and 140 kW/m? shortly
after full flame involvement of the room lining. Thus, the calorimeter

exposure levels were representative over much of the room thermal environment

when fire spread and involvement were present.
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corresponding area of room surface flame involvement results in ratios which
can be compared with those obtained from the cone calorimeter. Tables 12 to

15 show some of these comparisons. For plywood 2, the ratios of the rate of A
;

heat release to the surface area covered by flames agreed with the average 60 g//

s values from the calorimeter. In room test 15 with the fire retarded

plywood, the pre-flashover ratios were much lower than the calorimeter data ,

with the post-flashover ratios looking like the calorimeter data for the

untreated plywood 2. This post-flashover behavior could have been due to the

volatilization of the fire-retardant chemicals resulting from the prolonged

low room fire exposure of the fire retarded plywood. 1In test 10 with the

polystyrene, the velumetric flow of combustion products from the fire exceeded

the exhaust capability of the hood system, and a small part of the exhaust —
w2

spilled into the laboratory. Consequently, the peak room unit area hé%
release rates wgzgﬂ;ggﬂlpﬂ. There was also the possibility that the area
behind the flame front was not fully involved with flames. If part of the
surface had melted and dripped away, or if wvitiated air had prevented the
upper surfaces from sustaining flames, a smaller surface area would be
releasing the heat. This would mean much higher values of heat release rate
per unit area of flame-covered surface more like those from the calorimeter.
For the polyisocyanurate in room test 9, the flame spread was very rapiq/such
that the peak wvalues, rather than the 60 s average values, were more
approptriate for comparison with the room ratios. The data in Table 15
indicate that the peak values from the calorimeter did indeed bracket the unit

area heat release rate values from the room fire.
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3.7 General Remarks and Recommended Changes in the

Proposed ASTM Test Procedure

The study demonstrated that all three exposure conditions could
result in different fire behavior for the materials evaluated when
the test material covers only the walls or both the walls and
ceiling of the room. Consequently, each condition could be used to
help indicate the fire safety level for room interior finish
materials. However, ignition exposure C has advantages over
exposures A and B in that materials can be evaluated and rated
over a reasonable length of time (300 s) at a low exposure of
about 40 kW/m?, 300 s at an high exposure of about 160 kW/m?, and
then over another 300 s period for continuation of burning without
enhancement from the burner source. Exposure A cannot evaluate
interior finish materials at low exposures nor sustained flame
spread with no external irradiance. Exposure B included four
successive exposure levels, but the periocd of change from lowest
to highest exposures lasted only 90 s. This may not be adequate
time to evaluate some materials at the lower exposures. Further-
no evaluation of sustained flame in the absence of

more,

external irradiance was included.

In determining the fire severity, including room flashover,
measurements of the incident flux on the center of the floor
and of the alr temperatures mnear the ceiling and near the top of

the doorway are recommended. Flameover times and newspaper
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indicators cannot characterize the fire severity short of room

flashover.

Materials having probable differences in cemposition or non-
uniformity in fire retarded treatment should be conditicned over
a range of times and fire-tested periodically to check on their

consistency in fire performance.

The present proposed standard room fire test method called for
thermocouples, mounted on supports, to be located 100 mm down

from the center of the ceiling and from the center of each of the
four ceiling quadrants and from the celling directly over the
center of the ignition burner. The method cautioned against
attachments to the test specimens. However, for the tests
conducted in this study, 6.4 mm holes were drilled through the
ceiling at these positions for the thermocouples and then resealed
with gypsum spackling compound. No adverse effects on the fire

development due to these penetrations in the ceiling were observed.

The proposed test method suggested either photographic coverage or
video taping to record the fire spread in the room. Both methods
were used in this study. When still photographic coverage, such
as with 35 mm color slides, was used, the flame spread and even
the ignition of the newspaper flashover indicators could not be
determined in some instances due ta obscuration from the smoke

and glare of the fire. CGContinuous coverage made such determin-
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ations much easier. If still photographic coverage is used,

s
shorter intervals of 1 or 2 s _is recommended during the rapid
fire growth period.' Either still photographic coverage with a L
wide angle (e.g., 18 mm) lens through the floor or side wall would 5%
be helpful when used in conjunction with the photographic coverage
through the doorway. [For research tests, these could be supple-
mented by surface thermocouples on the walls and ceiling to indicate
the pyrolyzing area as a function of time. This procedure is more
tedious, but provides a better indication of the limits of the

actual surface involvement than a visual accounting of the flame

71 front.]

4.0 CONCLUDING REMARKS

©7. I lhis study, the combustion efficiencies of the material in

the room fires were obtained with some of the values being close

to the published combustion efficiencies obtained from laboratory

tests,
2, Unit-area—bencé;cale rate of heat release data from the cone
calorimeter may be predictive of the full-scale data when melting
and dripping (which changes the actual burning area) or very slow
to ignite fire retardant materials (whose retardants may be baked
out) were not involved. Additional studies are needed to ascertain

possiblercorrelations and further limitations.
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3. The éegrees/of repeatability with”in a laboratory and reproduci-
A
bility among laboratories need to be established for full-scale
tests of interior finish materials before correlations with bench

scale tests could be developed with confidence.

4, Fire growth studies in rooms having multi-openings are needed to

help generalize room fire behavior for other room configurations.
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Table 1. Interior Finish Materials Used in
Standard Room Fire Test

Material Measured Density ASTM Net Heat of
Thickness (kg/m®) E-84 Combustion

(mm) (FST)# (MI/kg )

Fire retarded plywood®* 13.1 545 =25 15.1+
Gypsum board 13.2 757 <25 O4++
Pilywood 1 5.6 586 J§T78 15.1+
Plywood 2 12.8 534 £178 15.1+
Polyisocyanurate géi“ 50.8 33 =25 264+
Polystyrene é;cmm 50.8 30 <25 304+++

*Amino phosphate boric acid treated.

*%FST (Flame Spread Index) values are typical values given in reference
[21 for these materials.

+Reference {15]

++Net value is approximate. Paper surface contribute to heat of combustion
while calcination of gypsum absorbs heat.

+++Reference [16]

41



Table 2. Average Flux Levels on Back Wall of Room at
1.22 m and 1.83 m Heights Over Burmner.

Water Temp. for 1.22 m Height . 1.83 » Height
Cooling Fluxmeter 52\ Flux L%fel ) Flux Level
(°c) L (k/m®)  (xW/m®)
18 Wﬁ:}ﬁ<59f?(7’ 522 R L
. /
i/ £
70 /Ne2 T 1 s6 2 R T
‘= No v g ﬁ\ el

Notes:

?,}L‘ Wall and celling finish were fire-exposed gyvpsum board.
180
3}%. In each run, burmer operated at a constant mominel.l60 kW for 300 s.
Measurements taken between 180 and 300 s.

érjge Average values based on four rums with 18°C water and four runs with 70°C
) water.

i
le Cluymetes wire fia G tedm foph posifracd ar 0«15 m A e
i {
o

4 comés )\m% flg Burrer gy Aé,'éé%; §F  1ozz and 1EL m



Table 3. Location of Instrumentation

Instrument Key Number*
1 Smoke meter 1
1 Gas sample port 1
9 Pitot—static tubes 1
25 0.51 mm thermocouples 1
11 0451 mm thermocouples
11 0.05 mm thermocouples 2
6 0.05 mm thermocouples 3
11 0.51 mm thermocouples 3
11 0,51 mm thermocouples 4

34 0.51 mm thermocouples’ -

Location

exhaust collection system
exhaust collection system
exhaust collection system
entrance to exhaust collection
duct, in 5> x 5 grid

located in pairs {one of each
diameter) 0.3 m from front and left
walls at the following distances,
below the ceiling: 0.20, 0.41,
0.61, 0.81, 1.02, 1.22, 1l.42, 1.63,
1.83, 2.03, and 2.24 m.

located in pairs (one of each
diameter) in the center of the
doorway at the following distances
below the lintel: 0.10, 0.20,
0.51, 0.81, 1.12, and 1.73 m.
Single 0.51 mm thermocouples also
at 0.36, 0.66, 0.97, and 1.42 m.
One extra 0.51 mm thermocouple at
0.10 m for a total of three thermo—
couples at this location.

All these thermocouples were
located 0.10 m below the ceiling.
One thermocouple was at the center
of the room. Eight were located in
pairs down from the centers of each
quadrant of the ceiling. Another
pailr was located above the center
of the burner, 0.15 m from the left
wall and 0.15 m from the back wall.

Thirty three surface thermocouples
located on back, right, and left
walls in tests 17 to 19. One



Table 4. Test Results (material on both glls and ceiling) .
by T e T

Occurrence Time,.{\for Flashover Indicators in Seconds

Aver%ge Int];?l’ti%r Alr Average.???fw%y Alr

i?¥l and Newspaper Floor Fl%FT mg.? 6° Temg .
eiling Flameover Ignition* 20 kW/m 600°C . 700°C 600°C 650°C
Test No. Material Exposure tp tro tFloor ty ty ty tp
1B Gypsum Board A None None (4.5 kW/m?,740 s) None None None None
2 Gypsum Board B None None (3.5 kW/m2,870 s) None None None None
3B Gypsum Board C None None (3.2 kW/m2,600 s) None None None None
15 Fire retarded A 861 *%B 861 T 847 L3S 86 /35 851850 855
plywood
4 Fire retarded A None *%%B  NoneF (13.8 kw/m2,900 s) 186 185 240 300 None
plywood *
6 Fire retarded B None 483 B,568F (18.5 kW/mz,SlO s) 3 435 462 HE0 459 +70 None
plywodd ! .
5 Fire retarded c None 528 B,***F  (16.1 kW/m?,580 s) 390 455 526 S30  None
plywood .
19 Plywood 2 A 83 98 B, 110 F 88 5755 87 8S 58S 98 tap
Plywood‘2 C 193 206 8,209 F 195 167 /65 18919 200 2t &40
8 Plywood ‘1 B 134 143 B,165 F 140 96 /o0 120 13T 125 utsdo
10 Polystyrene A 48 39 B, 40 F FT 48 S0 5F So 50 5750
11 Polystyrene B 83 ﬁO B, 82 F 71 o rAS 4675 3y es 85
12 Polystyrene C 110 107 B,109 F 101 196 /05 1o il wrteo 5 /ls
9 Polyisocyanirate A 14 15 B, 16 F 19% j;‘*a"ﬂg‘ 25 26% Joa8% 302
24  Polyisocyanurate A i4 15 B, 17 F @Wﬂ - & - ks -
13 Polyisocyanurate B 50 51 B, 52 F 42 fﬂ e MEES 48 So 50 5T S0
14 Polyisocyanurate C 312 314 B,315 F 315 i{ 3 30 31335 315 315

*  Back and front newspaper flashover indicators denoted by B and F respectively. LJ,,MMJ 7t :

** Back indicator ignited prematurely by falling embers.
*%* Newspaper discolored due to heating,/..f J,M\IZ . o %}""
T Maximum flux and its time of occurrence given in parentheses. :

tT Resolution inadegquate. . ‘
t11 Average interior temperature TI based on eight 0.51 mm thermocouples located 0.10 m down from ceiling. ey o e enn o
rafied

Tp based on the average of two 0.51 mm thermocouples located 0.10 m down from top of doorway. 2// f@mpﬁ ; o
- i , > . : . nearest S
a - Estimated values basced on linear pnteeppiation be fusees Fagscdf, 1NCrEas sy VA/UES, '



Table 5. Test Results (material on walls or on ceiling)

Occurrence Time for Flashover Indicators in Seconds

Aver%ge In erior Alr Average ?orway Alr
e

Wall and Newspaper Floor %ﬁT Tp « Temp »
Ceiling Flameover Ignition* 20-kW/m 600° C 780°C 600°C 250 °C
Test No. Material Exposure tp tro trloor t1 ty tp ty

Wall Material
(Gyp. Bd. Ceiling)

17 Plywood 21+% A 121 122 B, 136 F 123 85 110 WS a8 /fo
18 Plywood 2 A 137 136 B, 151 F 122 2475 110 r/6o 170
16 Plywood 2 C 340 345 B, 359 F 336 33218 323328 - -
20 Polystyrene A 65 55 B, 66 F 47 45 50 ST &Y 60
23 Polystyrene B 108 89 B, 100 F 81 . 80 83 gSs B6FS 90
21 Polystyrene c 133 125 B, 133 F 116 ¥ /0 AFFHS A28 /50 132 /24
22 Polyisocyanurate A None 193 B, None F (8.1 kW/mz, 890 s) None None None None

4-Ceiling Material

(Gype. Bd. Walls)

27 Plywood 2 A 384 401 B, 427 F 396 370 390 382 380 AT S48
26 Polystyrene A 297 **B 297 F 282 283285 289 2% 300 None
25  Polylsocyanurate A 605 615 B, 619 F 606 stté/o 65 GIS St bio 615

%  Back and front newspaper flashover indicators denoted by B and F respectively.

% Back indicator ignited prematurely by falling embers.

t Maximum f£lux and its time of occurrence given in parentheses.

tt Average interior temperature T, based on eight 0.51 mm thermocouples located (.10 m down from ceiling.
Ty based on the average of two 0.5]1 mm thermocouples located 0.10 m down from top of doorway.=

147 Caleiwem w/wﬁic (mm,,,,{g)boan/ CCrlitc 1 dest 17,

M_‘Mﬂ,/ %p;«)‘/)éﬂ? /‘m@s 74 é"zp\‘
% Mearest 5 a



Table 6. Summary of Test Results (material on both walls and celling)
Rate of Heat Ambient Conditions
Releasel at
t#loor Peak Rate of Heat Peak Ty Peak T, Relative
Releasel and Time and Time and Time Temp. Humidity
Test No. Material Exposure (MW) (MW) (s) (°C) (s) (°C) (1) {°C) (¥) (XD
iB Gypsum Board A None 0.3 70 400 60 325 780 19 67 45
2 Gypsum Board B None 0.2 840 395 120 305 880 21 70 42
3B Gypsum Board c None 0.2 560 405 350 320 360 19 66 52
15 Fire retarded A 2.1 6.2 860 865 890 810 900 23 73 51
plywood
4 Fire retarded A None 0.5 260 715 260 600 300 23 73 42
plywood
6 Fire retarded B None 0.6 480 745 487 640 530 21 70 47
plywood
5 Fire retarded c None 0.5 480 720 468 610 530 22 71 48 -
plywood
i9 Plywood 2 A 2.6 7.6 150 815 210 895 200 21 70 54
7 Plywood 2 C 1.7 6.7 260 930 340 895 360 21 70 51
8 Plywood 1 . B 1.9 8.5 260 850 312 860 180 21 70 55
10 Polystyrene A Tt 9.4 100 1050 75 930 60 21 70 48
TS Polystyrene B 4.2 4 70 1015 86 800 90 22 71 50
12 Polystyrene C 3.1 3.5 110 970 120 940 120 22 71 48
9 Polyisocyanurate A 2.2 5.1 50 1200 80 1245 100 21 70 54
24  Polyisocyanurate A - - - - - - - 22 71 53
13 Polyisocyanurate B 2.9 4,2 50 1065 60 1040 60 22 72 55
14 Polyisocyanurate C 3.2 4.1 310 1095 320 1020 320 24 75 47
' Includes contribution from gas burner WH Y > FLEADWA  AEUIT TF CHEELK PTG T A ANE INETA~LT FIFFeRCH ¥ U gral



Table 7. Test Results (material on walls or ceiling)

Rare of Heat
Releaset at

Ambient Conditions

tFloor Peak Rate of Heat Peak T; Peak Ty Relative
Releaset and Time and Time and Time Temp. Humidity
Test No. Material Exposure (MW) (MW) (s) (°c) (s) (°*c) (s) (°c) (F) %)
Wall Material
(Gyp. Bd. Ceiling)
17 Plywood 271 A 1.3 5.6 170 2€p 859 180 885 180 21 70 52
18 Plywood 2 A 1.1 6.1 190 240939 240 9,908 240 20 68 53
ié Plywood 2 C 1.0 5.8 380 1045 750 o -~ 21 69 50
20 Polystyrene A 1.4 5.4 90 s03,10%29 90 970 80 22 71 53
/035
23 Polystyrene B lL.6 3.4 120 1040 120 110 19 67 54
21 Polystyrene C 1.5 3.7 140 /Jogg+86+ 150 ngHH% 150 22 71 47
385
22 Polyisocyanurate A None 0.3 30 #75 & 30 <83 8B40 23 73 55
Ceiling Material
(Gyp. Bd. Walls)
74
27 Plywood 2 2.3 2.5 430  TFrgFrr- 430 Bt 410 24 75 54
€oS
26 Polystyrene 1.7 2.0 250 760 300 300 24 75 52
25 Polyisocyanurate 2.0 2.6 610 &95894 620 775 620 22 72 52

TIncludes contribution from gas burner



Table 8. Peak Smoke Concentration and Total Smoke Production

~ L >¢
Extinction Cross Section *%

300 s \/600 s 900 s
Test No. Material Exposure (0sD/m)* (mz) (mz) (m2)
Material on Walls and Ceiling
1B Gypsun Board A 0.07 30 230 370
2 Gypsum Board B 0.05 70 180 270
3B Gypsum Board C 0.07 30 190 210
15 Fire retarded A " 0.73 700 - 870 1250
plywood
4 Fire retarded A 0.35 380 630 860
plywood
6 Fire retarded B 1.19 170 1200 1470
plywood
5 Fire retarded C 0.62 50 310 1230
plywood
19 Plywood 2 A 1.08 2010 - -
7 Plywood 2 C .91 690 2100 -
8 Plywood 1 B 1.43 2210 2870 -
10 Polystyrene A > 2.5 >8600 - -
11 Polystyrene B > 2.5 >1900 - -
12 Polystyrene c > 2.5 >1500 ~ -
24 Polyisocyanurate A - - - -
9 Polyisocyanurate A > 2.5 >4000 -
13 Polyiscocyanurate B > 2.5 >2000 - -
14 Polyisocyanurate C > 2.5 310 . 22900 -
Material on Walls
17 Plywood 2 A 2.07 1640 - -
18 Plywood 2 A 1.83 - - -
16 Plywood 2 C 2.00 60 3990 -
20 Polystyrene A > 2.5 - e -
23 Polystyrene B > 2.5 - - -
21 Polystyrene C > 2.5 > 6160 - -
22 Polyisocyanurate A 0.99 920 1260 1510
Material on Ceiling
27 Plywood 2 A 0.63 220 1020 1240
26 Polystyrene A > 2.5 740 - -
25 Polyisocyanurate A > 2.5 290 550 -
* Peak ratio of optical density to path length L. Towe o~ ofirai g, sntriortel
ol fﬂﬁ”! Foon oo . A ! /
£ .

**é§==2£3 f (0.D.) Vdt where 0.D. is the optical density of the smoke measured in
o
the hood system duct, L{m) #s the path length of the smoke meter, V (m3/s) is the
volume flow in the duct referred to the stream temperature, and tq(s) is the duration
of the test [}3].
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Table 9. Comparison of BetafBetween NBS and University of
: California for Room Fire Tests of Plywood

TIME OF CCCURRENCE

Rate of Heat Release

Ignition ZO'kW/mz 600°C Avg. at Flashover Based
of Fiux at Interior On tpyoor
Flameover Newspaper Floor Air Temp .
Test tr(s) tpg(s) tploor(s) tr{s) qQ (MW)
c-213(U.c.) 170 210 205 115 2.1

8 (NBS) 134 ' 165 140 101 1.9




STt o) <o parisim o€ e s

Flashen n z//éq e

-
/\‘/ﬁ%‘é \ /\r?f
Number TouH .
of Flashyver ) 7y One &=, coe(.@c@,x‘
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“\/ Cvlﬂ/fncexrn 3 \\ \ \/ \(/
) V/ -
19 8 87.50 8.0  15.57 17.69
7 8 197.50  19%6.25 1419 7.23
8 8 138.50 13%.75 19.% 14.37
10 7 L8.00  46.86 - 5% 11.19
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1 .8 e A0 31375158 om
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18 8 136.50  132.62  30.78 BA -
16 6 P00 3%.17 159 4.76
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. 23 8 e 820 8937 1008 - s -
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5 7. gL 6057 332,15 ST 08
Unless SPE?::{; ! B
' Tha '(:olféwm:] Cv;t)ﬁ.'{ /oo)mts Uite I Lp oy T, (E) ) fFG(F)) tFLﬁ )
of

t, (608> | T, (706D

T 7’}'5 r 1o
T - ¢ <t 24—
> et 1L =
T un
T 3N } < -

* %

thod’LJ .i
rD(C'GD\ ﬁ«c t éS

{. aé R _t F(:(g) e 8 ‘t LS

e ~
C(E}

<

és%”*..f oA dwm/m«.

Detmed  as Chs

f 1 3
Pt trcluded .

T (éaﬁ

r; 0'7‘ ~it:: t ’{AGQCL

tb(c,cm) ) ’tp (bso)

fnrtnag el aod €xprisced s a ﬁff@ﬁh‘/&je

(7"‘?}) 'f;; CA“) "’\-«" {.‘D (e 55 H l-c'f'
In. c,/uJeJ

r—_A/'i J‘I C/Vuf‘ {-C

"o,

o/ /’w‘a/é_c?f Ja7 74/\{

X ¥



Table /1 SEABAGL comporson, o Verpy s
Clashooce c:;/xf ?/gm«

Mam ée,,?
of | ffashover ’ Cne o,
Tests meieaters Médjan %%’L‘ s4d, desnaten, Coefieicnt | g
es’. C.:ms; &/'Qt/ \ E Ve 070 VQ}“MI 7925)’\-
\4 _ \f; | N % e NE
19 6 87.50 9.0 1060 1.58
7 6 197.50 198.67 7.76 3.91
8 6 138.50 139.83  14.69 0.5 -
16 5 48.00  45.60 5.68 12.46 -
n 6 g8l.0 7917 4,79 L
12 6 108.50 107.83 3.76 3.49
9 6 17.50  19.67 5.% 30.28
. 3 15.0 15.00 1.0 6.67
13 & 0.0 48.8 3.60 7.37
1% 6 34650 314.00 1.26 0
17 6 121.50 119.17 1144 g
18 6 136.50 13%6.17 18.% 13.63 .
15 5 ¥0.0 X0 13.13 3.8
20 6 %.00 56.67 7.71 13.6L
23 6 8,50 9117 106 . ne
2 6 126.50  125.%3 7.50 . 5%
27 6 393.00 9667 1649 - 4.16
26 5 X7.0 293.00 7.38 , 2.52
5 6 613.00 611.83 5.42 } 0.89
13 5 BI0  PLA. X995 : 41.48

* Number of Llashover indicitors c:ans;a@+ﬁa( Q@A&f /s e
used 1n Table 10 except T (600°C) and T (4007
wbre éxdu.a’d

wn Delined as Ha  cdamdard devratm Liurded £7
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Table J4.

Comparison of Heat Release Rates from Calorimeter Test
and Room Test 15 for Fire Retarded Plywood

Room Test

Room Heat Release Rate Per

Area Covered by Flames Unit Area *#*

. Ag Q/a
Time 5 5
(s) (m") (kW/m")
70 39 & 35
165 L b 55
205 L9 e 50
360 39 4 55
738 12 7 37 30
858% 193 19 275
864% @ W hre 20 185
870% 327 3% 155
880% 37 3% 150
Cone Calorimeter
Heat Release Rate Per Unit Area
Exposyre Pea 60 s A{g.
(kW/m*) (kW/m*) (kW/m)
25 87 80 &8 70
50 108 //0 g7 /60
75 18t /88 wy 78

% Post flashover.

Time of flashover (20 kW/mz on floor) at 847 =s.

%% Excluding heat release rate of burner.
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Table‘}i. Comparison of Heat Release Rates from Calorimeter Test
and Room Test 19 for Plywood 2

Room Test

Room Heat Release Rate Per

Area Covered by Flames Unit Area *%*
A .
£ Q/Ag
Time 9 9
(s) (m") (kW/m")
70 5 165
85 16 13 180
95% 158 b 175
130% 23:6 4 265
140% 2643 PR 280
160% 3277 33 220
Cone Calorimeter
Heat Release Rate Per Unit Area
Exposyre Pea 60 s Ayg.
(ki /) (kW/u®) (ki /m?)
25 205 175
50 295 225
75 360 280

* Post flashover. Time of flashover (20 kW/m? on floor) at 88 s.
#% Excluding heat release rate of burner.
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Table JZ. Comparison of Heat Release Rates from Calorimeter Test
and Room Test 10 for Polystyrene

Room Test

Room Heat Release Rate Per

Area Covered by Flames Unit Area **

Af Q/Af
Time
(s) (m?) (kW/m? )
35 48 5 260

43% o 1o 345
45% 154 1S 255

LB*% 2}(5 5 195
70% T 33 270
100% 3247 3% 305

25 295

120% ;2(7

Cone Calorimeter

Heat Release Rate Per Unit Area

Exposyre Pea% 60 5 Avg.
(kW/m*) (kW/m” ) (kW/m?)
25 405 365
50 710 590
75 835 575

* Post flashover.

newspaper ignition) at 39 s.

%%  Excluding heat release rate of burner.

Time of flashover (no floor flux data, earliest time is
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Table }3. Comparison of Heat Release Rates from Calorimeter Test
and Room Test 9 for Polyisocyanurate

Room Test
Room Heat Release Rate Per
Area Covered by Flames Unit Area **
- Af Q/Af
ime
(s) (m2) (kW/m?)
10 746 4 70
12 1205 13 65
14 1877 19 65
15 2674 2k 50
Ve
16 3207 3% 45
30% 32777 3% 120
50% 327 37 155
Cone Calorimeter
Heat Release Rate Per Unit Area
Exposure Pea% 60 s Agg.
(kW/n?) (xW/m?) (ki/m?)

25 50 15
50 135 110
75 155 110

* Post flashover. Time of flashover (20 kW/m2 on floor) at 19 s.
*% Excluding heat release rate of burner.



Table M\b Wall Flux as a Function of Time for Test 15
(fire retarded plywood, exposure A)

Wall Fluxmeter Wall Fluxmeter
Time 0.46 m from Ceiling 0.91 m from_Ceiling
(s) (kW/m?) (kW/m?)
e
153 10 1071
163 [S 14,8
173 40 39/ e 1/.1
; \
183 40 4022 7.0 2044
193 <% 58/{ 24 2(2/)/.6
7
202 * - .
203 (Y 68.6) 2% 22.}7
/
213 (% 62},4 44 44050
! ;
253 £S5 654, ¢4 44;0
263 ! 60/_.«4 | 47 422
270 — @ X /j,f
273 LS 6447 4 4.3
; . 0 )
843 +% 481 2 2}/.4
847 VST COWFE L Exy
/
853 $9 5747 50 496
7 /
870 3k g H kKR ¥ T Ewk
883 /6D 100.4 150 1303

*# Flame front over fluxmeter.
%% Flashover at 847 s.
**% Complete flame coverage of room lining.

(=) No datq averfable
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Tabie 5. Wall Flux as a Function of Time for Test 19
(plywood 2, exposure A)

Wall Fluxmeter Wall Fluxmeter

Time 0.46 m from Ceiling 0.91 m from Ceiling
(s) (ki /m?) (ki /m? )
S
23 i3 <6'
43 7 7.
63 1% 17,6
70 —
73 |7 17.0
83 2l 2549
88 ¥ ’i"{_
93 A 42/2
96 A /x
103 0 63‘:@
113 (o7 1072 %4 88/,./6
133 17) 12] .4 "y ui,\i
143 W7 116.8 30 129.5
143 -‘K*% *k% A wkk
163 a0 7.7 43 gg/z{

* Flame front over fluxmeter.
*% Flashover at 88 s.

**%% Complete flame coverage of room

ri
(=" Ne date pugdable

lining.
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Table L#. Wall Flux as a Function of Time for Test 17
(plywood 2, exposure A)

Wall Fluxmeter Wall Fluxmeter
Time 0.46 m fromZCeiling 0.91 nm fromZCeiling
(s) (kW/m) (kW/m")
53 14 2/
93 é;} 53.3
103 ’]Q’ 73137

113 26, 35.1
3 ®
120 X
123 -70** Lt
133 T3 73l4
153 J0f 1005
171 Fk I Er
173 12T 1385
. /
183 (7 zu?ﬁ.z
* Flame front over fluxmeter; not observable for 0.46 m locaticon.
%% Flashover at 123 s.
*%% Complete flame coverage of room lining.
(=) Wo deta cwndedle
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Tabie }j} Wall Flux as a Function of Time for Test 18
(plywood 2, exposure A)

Wall Fluxmeter Wall Fluxmeter
Time 0.46 m from Ceiling 0.91 m from Ceiling
(s) (kW/m?) (kW/m?)
60
63
99
103
113
122
123
131 —_ -
133 [ol 100/6
143 lpd 10d.1
163 f 1214
183 12T 124.5
188 * ¥R ik

193 0‘&‘ 9é.3

# Flame front over fluxmeter.
%% Flashover at 122 s.
*%% Complete flame coverage of room lining.

. 3 7 I
(=) WNe dady sporaile
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Table 1. Wall Flux as a Function of Time for Test 10
(polystyrene, exposure A)

Wall Fluxmeter Wall Fluxmeter
Time 0.46 m from Ceiling 0.91 m from Ceiling
(s) (kW /m?) (kW/m2)
0 O 0
23 S 5.3 2 2\6
39 KK ¥

50 Frh wxx R k%
63 9 s9lo Sl o1l
93 % 33.3 3 35.6
A Vi L
. Lo )
113 G 83L7 (A 64 1

* Flame front over fluxmeter.
*% Flashover at 39 s.
*#%% Complete flame coverage of room lining.
(— Gt dets o '_J&i"!e; Lie
Note: Data recording interval was 20 s or longer due to recording system
malfunctioning every other scan period.
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Table W. Wall Flux as a Function of Time for Test 9
(polyisocyanurate, exposure A)

Wall Fluxmeter Wall Fluxmeter

Time 0.46 m from Ceiling 0.91 m from Ce111ng
(g) (kW/a*) (kW/m )

0 O O

8 % —

11 A

16 FAE % ‘{ Pk

19 ¥ ¥ N ¥ F

23 a7 9.3 LG

43 29 8s8lLe 87 9.6

63 135 1353.4 2% 1289

83 4 143.6 196 196 44
103 |7 1172.3 131 13

* Flame front over fluxmeter.
** Flashover at 19 s.
*rk Complete flame coverage of room lining.
{(—7 tJo deto available
Note: Data recording interval was 20 s due to recording system malfunctioning
every other 10 s scan period.



"
Table 20 Combustion Efficiency of Test Materials in Room Fire Tests

Measured Net ..

Original Weight Heat Release Combustion
Weight Loss Qg Efficfency® .
Test No. Material (kg) (kg) (MJ) k7>
Material on Walls and Ceiling
15 Fire retarded plywood 233.1 69,2 420 (.40
19 Plywood 2 239.7 48.6 640 0.87
7 Plywood 2 222.6 65.1 890 0.91
8 Plywood 1 107.1 107.1 1480 0.92
10 Polystyrene 49.3 49.3 1000 0.53
1L Polystyrene 49.3 11.9 * * '
12 Polystyrene 49.3 5.9 % #
9 Polyisocyanurate 5544 25.3 450 .68
24 Polyisocyanurate 50.9 1.8 * *
13 Polyisocyanurate 55.4 8.3 100 0.46
14 Polyisccyanurate 55.4 8.4 * ®
Material on Walls
17 Plywood 2%% 169.3 21.57 230 0.711¢
18 Plywood 2 176.2 41.3¢% 430 0.691f
16 Plywood 2 173.1 131.5t% 1540 0.781%
20 Polystyrene 30.4 30.41 180 O0.161t
23 Polystyrene 30.4 30.41 130 g.11t%
21 Polystyrene 30.4 30.47 150 0.1311
22 Polyigocyanurate 36.8 1.61 * *
Material on Ceiling
27 Plywood 2 64.7 8.97 156 1.0t%
26 Polystyrene 13.5 9.8% * *
25 Polyisocyanurate 13.7 3.0% % *
Notes:
1. Lining material in tests 1B, 2, 3B, 4, 5, and 6 did not burn well. Consequently,

measurements of total heat and mass loss would not be accurate and were not included.

2. Net heat of combustion of 15.1 MJI/kg for treated and untreated plywoodlriS]. b

3. Net heat of combustion of 38 MJ/kg for polystyrene foam GM 47 in reference [¥¥] used
for polystyrene. lb

4, Net heat of combustion of 26 MJ/kg for polyisocyanurate foam 29 in reference [47] used
for polyisocyanurate.

5. QS = integrated value of room heat release rate history excluding contribution of
burner.

6. Combustion efficiency is QS divided by the product of weight loss and net heat of
combustione.

*Uncertain due to small changes in mass and heat release.
%%Test 17 had a caleium silicate board ceiling.
fWeight loss of paper on gypsum board surface not included.

ttUpper limit for combustion efficiency because combustion of paper on gypsum board
surfaces was not included in weight loss.
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