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HEAT RELEASE RATESOF CONSTRUCTIONASSEMBLIES
BY THE SUBSTITUTIONMETHOD
Dr. David L. Chamberlain* and Dr. Edward G. King**

INTRODUCTION***

Investigations of heat release rates of assemblies of
wood and other condruction materias complement sudies
of heat release rates of small samples of individua wood
products.t Although small samples of amateria (e.g. 0.2
t0 2.0 5. ft. in area) provide baseline heet rel ease datafor
that material when exposed in asmall-scale heat release
rate calorimeter, the largest volume of wood productsare
usedinassembliescontaining materid sof other typesandin
configurationsdifferent fromthoseusedinasmdl test. Thus
cons deration wasgiven to possible methods of measuring
heat release rates of full-scale construction assemblies,
such aswalls, floorsand ceilings.

It was decided that the most informative approach to
evaluating full-scal e assemblieswoul d beto use the sub-
stitution method for heat release measurements, as out-
lined inthe Factory Mutual Congtruction MaterialsCao-
rimeter test procedure, in conjunctionwiththeASTM E119
standard fire endurance test.

The objective of the program was to extend heat-re-
|ease-rate measurements to full-scale assemblies and,
thereby, obtain improved evaluations of the fire perfor-
mance of wood structural systems.

BACKGROUND

A procedure for measuring heat release rate based on
the substitution method, the Factory Mutua Congtruction
Materials Calorimeter, was described by Thompson and
Cousins? The test specimen used in this procedure is an
interior finish material or model wall, roof or ceiling as-
sembly of varigblethicknesshaving asurfaceareaof 4.5ft. by
5.0ft. Thespecimenismounted horizontaly onthetop of a
furnace having a 4 ft. by 4 ft. opening and exposed for a
specified time to the flames of a burner supplied with a
liquid hydrocarbon fuel at a known and constant rate. A
temperature/time (T/t) record is obtained for the test.

After the furnace has cooled to ambient temperature,
an inert reference assembly is exposed to afire from the
samefuel. Inthe substitution run, thefuel issupplied at a
rate which will duplicate the T/t curve for the previous
test assembly. The rate of heat release of the latter as-
sembly iscal culated from thedifferencein fuel-flow rates
of thereference and test assemblies and the hest of com-
bustion of thefuel.

The foregoing substitution method of determining heat
release rates was adapted to the fire exposure used in
ASTM E119, Standard Method of Fire Testsof Building
Congtruction and Materials? In the E119 wall test, a 10 ft.
by 10 ft. assembly is exposed in a furnace operated to
maintain aprescribed standard T/t rel ationship. Therefore,
the difference in the fuel rate required to maintain the
standard T/t curvefor atest assembly and that required to
maintain the same curvefor an inert or non-contributing
reference assembly isthe rate of heat contributed by the
test assembly and detectableinthefire compartment. This
methodol ogy wasemployed to determinethe heat released
by wood-stud wall assemblies tested in this program.
Sted-stud wallswere used asthe reference assembly. ****

Thewall assemblieseval uated consisted of anumber of
preliminary steel-stud wall tests to establish the fuel
measuring procedure and the range in fuel input rates
required to maintain the standard T/t curvefor successive
runs of the same assembly; followed by matching tests of
stedl- and wood-stud wallsto determine heat releaserates
for the latter. All wall assemblies were 10 ft. by 10 ft.
made with one or two layersof gypsum board on both the
fireexposed and unexposed sides, except that in one pair
of sted and wood tests, gypsum board was applied only on
the unexposed side. All firetests were conducted without
an externa load on the assembly, as the purpose of the
study wasto eva uate fuel requirementsrather than verify
already established endurance ratings for standard as-
semblies
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Paired test and reference wallswere carefully constructed
so that they differed only in the material from which the
framing was made. Construction and installation of these
assemblies were carried out by the same personnel and
according to a standard procedure. Elapsed time between
the testing of paired test and reference walls was held
constant and as short as possible to minimize environmen-
tal variables.

Fuel-Flow Measurement. A Technology, Inc., Model
LFC-64 Mass Flow Meter was installed to measure fuel
flow into the furnace. This meter was calibrated with a
sample of natural gas over the range of 25 to 200 cubic
feet per minute (cfm). Linear output voltage was recorded
on a strip-chart recorder. Integration of the area under
the flow-rate curve gave the total volume of gas con-
sumed by the furnace for a particular time period. This
type of mass-flow meter is sensitive to changes in the
specific heat and density of the fuel gas.

During the course of this study, the gas supplier to the
National Gypsum Research Corporation facility supple-
mented native natural gaswith variable amounts of higher
density imported middle-eastern gas and synthetic gas
having a higher specific heat. To account for the effect
of these gas mixtures, a Daniel Instrument Co. orifice
meter was installed in series with the mass-flow meter.
At regular intervals during each fire test, mass-flow and
orifice meter readings were compared and the mass-flow
meter strip-chart record was corrected by the average
ratio of the two meter readings. The use of the orifice
meter to measure fuel flow is discussed further under the
RESULTSAND DISCUSSION section. A schematic of
the furnace and fuel measuring devices used is shown in
Figure 2.

Materialsand Assembly Preparation. Preliminary fuel
flow measurements were made on ten nominal reference
wall assemblies. These assemblies, constructed and fire
tested by the National Gypsum Research Corporation for
product development purposes, were made of standard
non-load bearing steel studs covered on both faces with
two layers of %2 in. experimental gypsum board. Except
for possible differences in the thermal properties of the
proprietary gypsum board used, the materials and con-
struction methods used in each of these ten tests were
the same.

Fivereference wall assemblies, two unpaired and three
paired with wood test wall assemblies, weretested. These
reference assemblieswere made of non-load bearing nomi-
nal 2 in. by 4 in. by 10 ft. steel studs spaced 24 in. on
center with one layer of */ in. Type X gypsum board on
each side. The three wood test walls were made with
nominal 2in. by 4in. by 10ft. fireretardant treated south-
ern pine studs spaced 16 in. on center with the same °/
in. Type X gypsum board protection as used in the refer-
encewalls(similar to Underwriter’s L aboratories approved

Design No. U305 in layout only). Wood walls had mid-
height blocking, and single top and doubl e bottom plates
made of the same treated 2 in. by 4 in. material as used
for the studs. All lumber used was from the same pro-
duction lot and was pressure treated and redried by the
sametreating chemical manufacturer. Treated wood fram-
ing and gypsum board was conditioned at 70°F and 50%
relative humidity prior to assembly. All gypsum board used
in the five reference and three wood test assemblies was
from the same production lot.

Onepair of unprotected wall assemblieswas also tested
to determine the sensitivity of the substitution method for
measuring heat rel ease rates. Each wall in this serieswas
unprotected on the fire exposed side. The unexposed side
of each assembly consisted of adouble layer of %/ in. Type
X gypsum board with lapped joints. A horizontal steel bar
support on the exterior of the wall was used to assure the
integrity of these assembliesduring firetest. Studs, plates
and blocking in the wood wall test of this series were 2
in. by 4 in. untreated southern pine.

Reference and wood wall test assemblies were con-
structed according to standard recommended design, fas-
tening, spackling and taping procedures appropriate for
1-hour rating performance. Completed assemblies were
installed in the furnace specimen frame 16 to 20 hours
before fire testing to allow sufficient time for the cement
mortar sea to dry.

Fire Exposure. Fuel flow measurementsweretakenin
addition to those required by ASTM E119. Special care
was taken to maintain the actual temperature in the fur-
nace at the level specified in the standard for each time
period in the test. A comparison of actual with standard
T/ curves showed that the fire exposure history of each
test was well within E119 limits.

OTHERHEAT RELEASE
CALCULATIONMETHODOLOGIES

Weight and Heat of Combustion Method of Estimat-
ing Heat Release. The total heat released by the burn-
ing of the wood framing in the assembly during the test
can also be estimated from the initial and final weights
and fuel values of the original and recovered wood and
the recovered char residue. Prior to wall assembly, the
weight and moisture content of the wood framing in each
wall was measured. Following each fire test, the wall
was disassembled and the wood and char were separated
from nails, gypsum board and other residues. The char
was scrapped from unburned wood and these two resi-
dues were weighed and sampled for moisture content.
The heats of combustion of unburned wood and char
were determined using a Parr oxygen bomb cal orimeter.
The heat released by the wood framing during the fire
exposure was estimated as the difference between heat



available at the beginning of the test and that remaining
after the test had been terminated and the assembly dis-
assembled.

Oxygen Consumption Method of Measuring Heat
Release. Attempts were made to measure heat release
by the oxygen consumption method.®> The results were
not sati sfactory because of difficultiesencounteredin mea:
suring flow ratesof gaseous productsinthefurnace stack.
These difficulties resulted from the very complex stack
geometry at the National Gypsum facility and the ir-
regular flow patterns that resulted from that geometry.

RESULTS AND DISCUSSION

Fuel Flow Measurement. As previously described,
initial fuel measurements were made with amass flow
meter calibrated with 100% natural gas. Asthe massflow
rateisinversaly proportiona to the product of density and
specific heat of the gas, the meter may berecdibrated for
adifferent gas mixture if the specific heat and density of
thecalibration and new gasmixture at standard conditions
of temperature and pressure are known.

After the massflow meter wasinstalledin 1975, dis-
crepancies in flow-rate data led to the discovery that
the chemical composition of thefuel wasvarying, often
from day to day. Although attempts were made to ad-
just the meter calibration constant for each composi-
tion, thisproved unreliable because composition datawere
availablefrom the gas supplier only on anirregular ba-
Sis.

Asnoted earlier, an orifice meter, which ismuch less
sengitive to changes in specific heat and density than the
mass flow meter, was installed in series with the later
to obtain an on-line correction for any changesin gas
composition that occurred during and between paired
tests. Differential pressureswereread at interva sthrough-
out a fire test and the ratio of the orifice to mass flow
meter rate was determined for each of these instanta-
neous readings. The average value of such ratios for a
test was used as the correction factor for the continu-
ous flow rate record of the mass flow meter.

Asthe project progressed, the uncertainty in the gas
composition data served to emphasize uncertainty in
the fudl flow-rate data. It was concluded that the orifice
meter a onewould providethe most reliable measurements
and, therefore, all flow-rate data obtained after the ori-
fice meter wasinstalled were recal culated using an ori-
fice meter equation recommended by the American Gas
Association.® Use of thisequation, described in Appendix
A, permitted more accurate adjustment of flow rate
measurements for daily variations in atmospheric pres-

sure, upstream line pressure and specific gravity of the
gas than that provided by the manufacturer’s correc-
tion charts.

Furnace Temperature Measurement. It should be
noted that the ASTM E119 standard does not prescribe
specific construction detail sfor test furnaces, but rather
setsforth the operating and performance conditions that
must be met. Therefore, although the general features
of furnaces are common’, specific design detailsdo dif-
fer. The effect of furnace design on fire endurance test
results has been considered by Siegel .2 He concluded,
among other things, that “the total intensity of fire ex-
posure maintained in the ASTM Method E119 furnace
is not affected seriously by furnace design so long as
the thermocouples that control and indicate furnace
temperature have approximately the same exposure as
the specimen being tested”.

One of thefactors affecting furnace performanceisthe
construction of the thermocouple itself. The E119 stan-
dard specifies thermocouples to be encased in %2 in.
standard iron pipe. Siegel has estimated that the ther-
mal lag (time constant) associated with this thermo-
couple assembly is 0.9 to 9 minutes, depending upon
furnace temperature, rate of temperature rise, flow of
gases around the thermocoupl e, and opacity of the flame
surrounding the thermocouple. He concluded that the
greatest thermocouplelag will occur during thefirst five
minutes of afire test and that the lag will be negligible
after 30 minutes.

Theforegoing assessments further support use of the
substitution method to determine heat release rates of
protected wood assemblies, particularly when reference
and test assemblies are tested in the same furnace at
approximately the sametime. It should be noted that fuel
consumption values in this report represent the heat
released into thefurnace by the primary fuel (natura gas)
in order to maintain the standard T/t relationship. Addi-
tiona fuel in the form of paper facing on the gypsum
board protection wasintroduced during each wood and
steel test. The heat released from this sourceis consid-
ered identical for both test and reference assemblies
and therefore is not a factor in the determination of
heat release by the substitution method.

Preliminary Wall Tests. Fuel consumption data for
the ten experimental walls made of steel studsand two
layersof Y2in. gypsum board on both sidesaregivenin
Table 1. Values shown for runs 1 through 5 are based
on massflow meter readings adjusted for gas composi-
tion. Values based on orifice meter readings adjusted us-
ing the American Gas Association equation are also
shown for run5and for runs6 through 10. Datatabul ated



include the average fuel input rate in Btu/min. for suc-
cessive 15-minuteinterval sthroughout thefiretest; the
total fuel consumed during each 15-minute period; and
the cumulativefuel consumed at the end of each of these
periods. Mean, andard deviation and coefficient of varia
tion for each of these values are given for the mass flow
meter and orifice meter data separately.

The general pattern of fuel consumption is the same
in the ten tests. The initial 15-minute rate is exceeded
during the second 15-minute period by 10 to 30 percent,
whichisto be expected from the nature of the standard
T/t curve. From 30 minutesto the end of the exposure at
90 minutes, the rate decreases to a value similar to the
initial rate.

It can be seen from Table 1 that fuel input valuesdid not
change appreciably from day to day. Onthe average, the
orifice meter fuel input rates and cumulative totals are
somewhat larger than those for the mass flow meter,
and dso less variable. At 60 minutes, the cumulative fuel
input for five runs based on the mass flow meter ranged
from4,527,000t0 5,169,000 Btu, or -8to +5 percent; and
for six runs based on the orifice meter ranged from
5,026,000 to 5,418,000 Btu, or -3 to +4 percent. The
lowest value in each set isfor the assembly test common
toboth, run 5. Asdiscussed previously, the orifice meter
data are considered the most reliable.

The fuel consumption rate datafor the 46 to 60 minute
period show asimilar trend. Vauesfor thefive massflow
meter runsranged from 74,150 to 84,300 Btu/min. or -6to
+7 percent; whereas those for the six orifice meter runs
ranged from 81,760 to 86,820 Btu/min. or -3to +3 per-
cent.

Thepossibility thet temperatureand/or relative humidity
might account for the variation observed in fudl consumption
wasinvestigated. Total fuel used in the first 15 minutes
and the first 60 minutes of test for runs 1 through 9 are
shownin Table 2 with the outdoor temperatureand rela-
tive humidity for the dates® these tests were run.

Thewall test furnace a the National Gypsum Research
Corporation facility islocated in alarge building that is
maintained at about 70°F during cold weather. Thus,
outdoor air temperature would not be expected to affect
the fuel requirements of the furnace. Moderate changes
inindoor relative humidity also are not expected to affect
fuel consumption. Specific heats of air and water vapor
areapproximately, 0.25 and 0.45 Btu/lb/°F respectively.
Assuming a maximum indoor relative humidity of 75%,
and avapor pressure of water at 70°F of 19 mm Hg, the
total volumetric water concentration would be

19mmyv.p. H 0 X 0.75=0.0188

760 mm total pressure
for a maximum of 1.9 percent. The additional heat re-
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quirement due to water vapor replacing air thus would
be expected to be negligible.

The foregoing analyses are supported by the data in
Table 2 which show no apparent correlation between
outdoor temperature and rel ative humidity with fuel con-
sumption.

Steel-Stud Reference Assemblies. Fuel con-
sumption datafor five standard steel-stud referencewall
assemblies are given in Table 3. These assemblies were
constructed with one layer of %/ in. Type X gypsum board
on each face. Two of the reference walls, not paired with
wood assemblies, were tested two days apart to deter-
minethe variation that might be expected when asted ref-
erenceand paired wood test assembly were tested in the
same time interval. The three remaining reference as-
semblieswere paired with wood test wallsand were tested
two daysbefore or after the latter. All assemblies were
tested between 1978 and 1981.

As can be seen from Table 3, the five reference as-
sembliesasagroup exhibited subgtantialy morevariaionin
fud consumptionthanwasobsarved withthe preliminary wall
tests. For example, the coefficient of variation of theaver-
agefuel input rate of the five reference walls during the
first 15 minutes of fire exposure was 15.1 percent com-
pared to avalue of 5.1 percent (orifice meter data) for the
preliminary tets Thesametrendisshownincumulativefuel
input values. The coefficient of variationintotal fuel used
at 60 minutes for the five reference wallswas 11.2 per-
cent compared to 2.1 percent (orifice meter data) for
the preliminary test walls.

Thegreater variability in thefuel consumption data of
thefive standard reference assembliesisduein part to the
high values obtained for the 1981 test rdlative to the values
for the other tests that were run in 1978 and 1979. For
example, valuesof total fuel consumed at 60 minutesfor
all five runs ranged from -0.8 to +17.2 percent of the
average, wheress excluding the 1981 run reduced this
range to -6.9 to +10.2 percent. No reason for the dif-
ference between the 1981 and earlier runscould beiden-
tified.

Fuel input valuesfor thetwo reference assembliesthat
were tested two days apart were very similar. The
cumulative fuel input values for these two runs at 60
minuteswere 4,310,000 and 4,501,000 Btu, or adifference
of 4.4 percent. Average fuel consumption ratesfor the 46
to 60 minute period were 75,570 and 79,100 Btu/min., or a
difference of 4.7 percent.

The fuel consumption datafor the five reference as-
sembliesindicated that awood wall test assembly should
be paired with a stedl reference assembly tested at about
the same time to obtain maximum sensitivity from the



substitution method of measuring hesat release of pro-
tected assemblies.

Unprotected Wall Assemblies. Fuel consumption data
for the stedl-stud and wood-stud walls made without pro-
tection on the fire-exposed side and with two layers of °/
in. Type X gypsum board ontheunexposed Sdeisgivenin
Table 4. The two assemblies were tested two days apart.
During the 60 minutetest period, the unprotected wood
framing was completely consumed while the steel fram-
ing was severely deformed.

Total fuel consumption at 60 minutes was 3,894,000
Btu for thewood assembly and 5,702,000 Btu for the stedl
assembly, adifference of 1,808,000 Btu or 31.7 percent.
The percent differencesin fuel consumed from 0to 15, 16
to 30, 31 to 45 and 46 to 60 min. between thewood and
steel assemblieswere 28.5, 43.5, 26.3 and 27.7 percent,
respectively. These differencesreflect, at least in part, the
heat contributed by the wood during the test.

The framing in the wood assembly weighed 144 |b.
prior to test. Assuming a 10 percent moisture content and
anet heat of combustion of dry wood of 8,500 Btu/Ib., the
total heat released by the wood consumed during the 60
minute test is calculated to be 144/1.10 x 8500 =
1,113,000 Btu. Thisissgnificantly lessthanthe 1,808,000 Btu
obtained by the substitution method, assuming that heat
losses through the unexposed face of the two assem-
blies were the same. The fact that during the last 15 min-
utes of the test, when the wood would be expected to be
already fully consumed, thefuel input to the steel assem-
bly (1,528,000 Btu) was notably greater than that for the
wood assembly (1,105,000 Btu) suggeststhat theassump-
tion of equivaent heet lossmay not be appropriate. Further,
thefact that fuel consumption valuesfor the unprotected
ged assembly were higher than those observed for any of
the five standard reference stedl assemblies after the first
15 minutes of test, and that the total fuel consumedin60
minutesfor thistest was 18 percent higher than the compa:
rableaveragevauefor thefivereferencewalls, alsoraises
a question about heat loss differences between the two
unprotected assemblies.

Rdativeto the averagefuel consumption of the standard
reference steel assemblies having one layer of gypsum
board protection on both sides, the unprotected wood wall
had a total heat release by the substitution method of
4,830,800 3,894,000, or 936,800 Btu. Thisismuch closer
to the heat release value of 1,113,000 Btu calculated by the
weight and heat of combustion method.

Whether comparing the unprotected wood wall to its
paired unprotected steel assembly or the average of the
standard protected reference assemblies, it is evident that
the substitution method can detect significant amounts of

heat that are contributed to the furnace chamber by an
assembly itsdlf.

Wood-Stud Test Assemblies. Fuel consumption
datafor protected wood wall test assemblies made with
fire-retardant treated southern pine framing are shown
with comparable data for paired steel-stud reference
assembliesin Table 5. It can be seen from this Table that
fuel consumption ratesfor thewood wallsfollow the same
trend as those for the reference walls, reaching a peak
between 15 and 30 minutes and then decreasing during
each of the two remaining 15-minute periods. It isin the
16-60 minute period that heat from pyrolysis of the wood
framing is expected to be at a maximum. Observed
behavior, in general, was cond stent with this expectation,
with the average rate of fuel consumption for the three
wood wall tests in the 46-60 minute period being -6.8,
-8.4 and +1.2 percent that of the paired reference steel
assembly.

The summary data in Table 5 show that the mean
fuel input valuesfor the reference assembliesin each of
the first three quarters of the test were dlightly lower
than those for the wood test assemblies, the reverse of
what might be expected if the wood framing members
were contributing hegt to thefurnacein these periodsof the
test. However, these differenceswere only 0.4, 1.8 and
0.1 percent, insignificant relative to the accuracy of the
methodology. Also from the summary data of Table 6 it
can be seen that the variahility in average rate of fuel input
for aperiod and in cumulativefuel input for thewood tests
consistently exceeded that of the reference assemblies.

Net total heat released to the furnace from each wood
assembly based on the substitution method and the paired
steel reference assembly isshownin Table 6. These data
show that the net heat rel eased by thewood test assemblies
during the 60 minute test period and measured in the
furnace was 3.5, 1.3 and -2.8 percent of the paired ref-
erence assemblies for the 1978, 1979 and 1981 tests
respectively. These values gppear to be within thelimits of
reproducihbility of the substitution method.

The data of Tables 3 and 5 are shown graphically in
Figures 3 through 10. In these figures, the one minute
averagefuel input rateisplotted against timefor each of
thefive stedl referencewall tests and the three wood wall
tests. Also shownin Figures 3 and 4 (paired steel refer-
ence tests) and Figures 7 through 10 (paired steel and
wood tests) isaplot of the percent coincidence between
the actual and the standard T/t curve. From these fig-
uresit can be seen that the deviation of the actual curves
fromthe standard curveisnegligible and doesnot repre-
sent a source of error in net heat release values of the
wood assemblies. The deviation of T/t curves was ob-



tained by graphicintegration of the areaunder actual and
standard curves. The method used to determine T/t curve
areasisdiscussed in Appendix B.

Weight and Heat of Combustion Calculations
for Wood Test Walls. Total heat released by combustion
of thewood framing in the 1979 and 1981 wood assembly
testsasdetermined by theinitial weight of thewood and
the weight of residual wood and char isgivenin Table 7.
Thismethodol ogy assumesthat hegat rel eased by thewood
in the assembly isaresult of complete combustion into
carbon dioxide and water vapor.

It can be seen from Table 7 that of 1,272,000 and
1,376,000 Btu of total heat availablein theframing of the
1979 and 1981 test assemblies, 207,000 and 327,000 Btu
respectively, or 16 and 24 percent, is calculated by the
heat balance procedure to have been released during the
test. Thiscalculated total heat released represents 4.6 and
5.6 percent of thetotal external fuel required to maintain
the standard T/t curvein these two tests and is greater than
the heat contributed by these assemblies that was mea-
sured in the furnace by the substitution method (1.3 and
-2.8 percent).

Several factors taken together would seem to account
for a large part of the difference between the heat bal-
ance and substitution method results. First, although the
fuel supply to the furnace was shut off at 60 minutes,
glowing combustion of char in the fire retardant treated
studs was not fully quenched until 10to 15 minutes|ater.
At the end of the exposure period, the test wall was re-
moved from the furnace and the surface quenched with a
minimumamount of water. Gypsum board on the exposed
side was then removed and the studs further quenched
with water. Because the char was essentially intact asa
result of the fire-retardant treatment, extinguishment of
glowing combustion took theextratimenoted above. Thus,
additional heat was released from the wood framing after
the test that was accounted for by the weight of residua
wood and char in the heat balance computation but which
was not available to be measured in the substitution
method.

Secondly, the assumption in the heeat bal ance computation
that al theweight lossof thewood framing duringthetestis
aresult of complete combustion of the treated wood to
carbon dioxide and water vapor represents an error of
unknown magnitude. Thefact that recovered char repre-
sented approximately 42 percent of the weight of total
recovered resdue, and considering that char formationis
endothermic and indicative of incomplete combustion,
suggeststhe error could be significant.

Also, the heat released by combustion into carbon
monoxide and water vapor is appreciably less than that
from combustion into carbon dioxide and water vapor. A

build-up of carbon monoxidein the cavity would be ex-
pected to occur if the oxygen supply isinadequate and the
gypsum board effectively preventsor retardsthe gasfrom
moving into thefurnace where sufficient oxygenis present
to convert it to carbon dioxide. Analyses of gas samples
taken from the cavity of a protected wood assembly
during an E119 test conducted in aseparate study showed
that anincreasein carbon dioxide concentration from 14 to
20 percent occurred between 15 and 50 minutes of the
test. Theconcentration of carbon monoxideincreased from
1to 6 percent over the same period; indicating that inad-
equate oxygen and the gypsum board barrier were prevent-
ing the complete combusgtion assumed in the heat balance
computation.

Further, it should be noted that dehydration of cellulose
to char can occur without the formation of either carbon
dioxide or carbon monoxide and thus without any heat
being released. Whether or not conditionsin the cavity of
the assembly during test are such asto permit thistype of
reaction at any point isunknown.

Thirdly, some of the heat released from the wood
framing replaces heat from the furnace fuel required to
vaporizethe moisturein thewood membersprior to com-
bustion. Such heat lossisnot part of the heat bal ance com-
putation but isreflected in val ues obtained by the substi-
tution method.

In view of these observations and considerations, the
difference between the heat rel ease values determined by
the heat balance computation and those based on the
substitution method do not appear unreasonabl e.

SUMMARY

Heat-rel ease-rate measurementswere extended tofire
tests of full-scale wall assemblies using the substitution
method. Through use of the methodology, which involved
comparing fuel input ratesrequired to maintain astandard
fire exposure for awood-stud wall assembly with those
required to maintain the same exposure for a reference
steel-stud wall assembly, information on the heat rel ease
performance of wood wall systems was obtained.

It wasfound that the heat rel eased from protected wood
wall assemblies, made of fireretardant treated framing
and®/,in. Type X gypsum board, and detectableduringa -
hour ASTM E119firetest, wasso low asto bewithinthe
limits of experimental error. Based on tests of threewood
assemblies and three paired steel reference assemblies,
heat released from the wood members and detectablein
the fire compartment ranged from +3.5 to -2.8 percent of
thetotal external fuel required to maintain the standard
temperature/time fire exposure.
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Table 1. Fuel Input for Preliminary Steel-Stud Wall Assembly Tests

Fuel supplied to furnace [1]

Average rate for period, 1000 Btu./min.

(Total for period, 1000 Btu)
Cumulative, 1000 Btu

Run Meter | GypsumBoard} 0-15 16-30 31-35 46-60 61-75 76-90
Number | Date Type Joints min.  min. min. min. min. min.
1 3/76 Mass Sealed 76.46 81.79  79.17 7459 70.10 70.10
Flow [2] (1147) (1227) (1188) (1119) (1052) (1052)

1147 2374 3562 4681 5733 6785

2 3/76 Mass Unsealed 78.46 102.83 8287 74.15 72.37 74.15
Flow (1177)  (1542) (1243) (1112) (1086) (1112)

1177 2719 3962 5074 6160 7272

3 3/76 Mass Unsealed 8590 9254 84.59 81.51 83.75 89.92
Flow (1289) (1388) (1269) (1223) (1256) (1349)

1289 2677 3946 5169 6425 7774

4 4/76 Mass Unsealed 80.88 91.24 87.82 8430 80.88 87.20
Flow (1213)  (1369) (1317) (1265) (1213) (1308)

1213 2582 3899 5164 6377 7685

S 10/76 Mass Unsealed 68.54  77.11 78.06 78.06 74.26 72.35
Flow (1028) (1187) (1171) (1171) (1114) (1085)

1028 2185 3356 4527 5641 6726

S 10/76 | Orifice |3} Unsealed 75.68 85.78 86.82  86.82 86.82 80.73
(1135) (1287) (1302) (1302) (1302) (1211)

1135 2422 3724 5026 6328 7539

6 11/76 Orifice Unsealed 83.99 95.99  83.99  82.89 79.19 79.19
(1260) (1440) (1260) (1243) (1188) (1188)

1260 2700 3960 5203 6391 7579

7 11/76 Orifice Unsealed 80.72  100.90 92.79 86.76  83.74 79.68
(1211)  (1514) (1392) (1301) (1256) (1195)

1211 2725 4117 5418 6674 7869

8 11/76 Orifice Sealed 80.47 96.47 83.31 82.74  79.43 75.64
(1207) (1447) (1250) (1241) (1191) (1135)

1207 2654 3904 5145 6336 7471

9 11/76 Orifice Sealed 73.54 86.32 100.03 81.76 81.96 78.11
(1103)  (1295) (1500) (1226) (1229) (1172)

1103 2398 3898 5124 6353 7525

10 10/78 Orifice N.A. 81.63 93.09 86.80  85.42 85.42 85.42
(1224) (1396) (1302) (1281) (1281) (1281)

1224 2620 3922 5203 6484 7765

Summary:
Mass Flow Meter, 5 runs

Rate: Mean 78.05 89.10 82.50 78.52  76.27 78.74
Std. deviation 6.38 10.03 3.99 4.39 5.8 9.13

COV, percent|4| 8.2 11.3 4.8 5.6 7.6 11.6
15-min. period: Mean 1170.8 1336.6 1237.6 1178.0 11442 1181.2
Std. deviation 95.8 150.1 59.6 66.1 86.6 136.9
Cumulative: Mean 1170.8 2507.4 3745.0 4923.0 6067.2 72484

Std. deviation 95.8 224.1 272.0 298.7 362.6 488.6

COV, percent 8.2 16.8 7.3 6.1 6.0 6.7

Orifice Meter, 6 runs

Rate: Mean 79.34  93.09 88.96 8440 82.76 79.80
Std. deviation 3.93 6.00 6.37 2.21 3.13 3.26

COV. percent 5.0 6.4 7.2 2.6 38 4.1
15-min. period: Mean 1190.0 1396.5 13343 1265.7 1241.2 1197.0
Std. deviation 59.0 90.0 95.4 33.2 46.9 48.6
Cumulative: Mean 1190.0 2586.2 3920.8 5186.5 6427.7 7624.7
Std. deviation 59.0 1422 126.1 130.8 1335 156.4

COV, percent 5.0 5.5 32 2.5 2.1 2.1

[1] Fuel supplied to maintain the ASTM EI19 standard temperature/time relationship.
[2] Mass flow meter readings adjusted for gas composition.

[3] Orifice meter readings adjusted for pressures and gas specific gravity using American Gas Association eguation.

[4] Coefficient of variation.



Table2: Effect of Ambient Temperatureand Relative
Humidity on Furnace Fuel Consumption

Ambient (Outdoor) | Total Fuel Used,
Run Meter Conditions [1] 1000 Btu
Number | Date Type Temp.,F | R.H.,% | 1st15min. |60 min.
1 3/11/76 | Mass Flow 29 63 1147 4681
2 3/17/76 | Mass Flow 16 70 1177 5074
3 3/23/76 | Mass Flow 40 62 1289 5169
4 4/5/76 | Mass Flow 43 49 1213 5164
5 10/21/76 | Mass Flow 41 82 1028 4527
5 10/21/76 Orifice 41 82 1135 5026
6 11/5/76 Orifice 37 82 1260 5203
7 11/10/76 Orifice 39 73 1211 5418
8 11/15/76 Orifice 38 73 1207 5145
9 11/19/76 Orifice 46 49 1103 5124
Table3: Fuel Input for Steel-Sud Reference Table4: Fue Input for Unprotected Wood-Sud
Wall Assembly Tests[1] and Steel-Sud Wall Assembly Tests[1]
Fuel supplied to furnace [2,3] Fuel supplied to furnace [2] for
period indicated, 1000 Btu.
Average rate Date
for period, 1000 BTU/min. of 0-15 16-30 31-45 46-60 0-60
(Total for Framing Test min. min. min. min. min.
period, 1000 BTU)
Date Cumulative, 1000 BTU Steel Studs 10/7/77 | 1183 1521 1470 1528 5702
of 0-15 16-30 31-45 46-60 Wood Studs |3] 10/5/77 846 859 1084 1105 3894
Test min.  min. min. min.
6/6/78 6282 75.57 7325 7557 [1] Assemblies made with two layers of %/ in. Type X gypsum board on

(943)  (1134) (1099) (1134)
943 2077 3176 4310

6/8/78 66.99 7672 77.20 79.10
(1005) (I151) (1158) (1187)
1005 2156 3314 4501

10/17/78 7738 90.07 87.53 84.90
(1161) (1351) (1313) (1274)
1161 2512 3825 5099

1/18/79 68.38  79.65 77.59  80.97
(1026) (1195) (1164) (1215)
1026 2221 3385 4600

1/13/81 90.53  99.88  95.82  91.38
(1358) (1498) (1437) (1371)
1358 2856 4293 5664

SUMMARY

Rate:  Mean 72.23 84.38  82.28  82.38
Std. deviation [1.01 10.38 9.22 6.05
COV. percent |4] 15.1 12.3 1.2 7.3
Mean: 1098.6 12659 1234.2 1236.2
Std. deviation 165.4 155.5 138.2 90.7
Mean 1098.6 2364.4 3598.6 4830.8
Std. deviation 165.4 3202 4579 5400
COV. percent 15.1 13.5 12.7 11.2

[1] One layer ¥, in. Type X gypsum board on each face of
assembly.

[2] Fuel supplied to maintain the ASTM E119 standard
temperature/time relationship.

[3] Fuel values based on the orifice meter.

[4] Coefficient of variation.

face away from furnace and no protection on furnace side.
[2] Fuel supplied to maintain the ASTM E119 standard temperature/
time relationship.
[3] Wood studs, plates and blocking were untreated southern pine. Studs
were spaced 16 in. on center.



Table5. Fud Input for Paired Wood-Sud and Stedl-Stud Protected Wall

Assembly Tests[1]
Fuel supplied to furnace [2]
Date Average rate for period, 1000 Btu/min.
of {Total for period, 1000 Btu)
A WOO?)I Cumulative, 1000 Btu
1?:;“}3]" 0-15 min. 16-30 min. 31-45 min. 46-60 min.
Wood Steel Wood Steel | Wood Steel | Wood Steel
10/19/78 76.10 77.38 88.71 90.07 84.16 87.53 79.13 84.90

(1142)  (1161) | (1331) (1351) | (1262) (1313) | (1187) (1274)
1142 1161 2473 2512 | 3735 3825 | 4922 5079

1/16/79 68.61 68.38 81.13 79.65 78.87 717.59 74.17 80.97
(1029 (1026) | (1217) (1195) | (1183) (1164) | (1113) (1215)
1029 1026 2246 2221 3429 3385 4542 4600

1/15/81 92.53 90.53 104.73  99.88 98.25 95.82 92.45 91.38
(1388)  (1358) | (1571) (1498) | (1474) (1437) | (1387) (1371)

1388 1358 2959 2856 4433 4293 5820 5664

SUMMARY

Rate:  Mean 79.08 78.76 91.52 89.87 87.09 86.98 81.92 85.75
Std. deviation 12.24 11.14 12.05 10.12 10.02 9.13 9.45 5.26

COV, percent |4| 15.5 14.1 13.2 11.3 11.3 10.5 11.5 6.1
Mean 1186.3 1181.7 | 1373.0 1348.0 | 1306.3 1304.6 | 1229.0 1286.7
Std. deviation 183.6 167.0 180.7 151.5 150.5 136.7 141.7 78.7
Mean 1186.3 1181.7 | 2559.3 2529.7 | 3865.6 38343 | 5094.6 5121.0
Std. deviation 183.6 167.0 364.3 317.9 514.6 454.1 656.3 532.3
COV. percent 15.5 14.1 14.2 12.6 13.3 11.8 12.9 10.4

[1] One layer %/, in. Type X gypsum board on each face of assembly. Wood studs, plates and
blocking were fire retardant treated southern pine. Studs were spaced 16 in. on center.

[2] Fuel supplied to maintain the ASTM E119 standard temperature/time relationship.

[3] Steel reference assembly tested two days before wood assembly.

[4] Coefficient of variation.

Table6. Heat Released by Protected Wood Wall Assemblies  Table7. Heat Released by Wood AssembliesBased on

Total fuel consumed in Weight and Heat of Combustion
60 min. test [1], Net heat released from Date of Wood
1000 Btu wood assembly Assembly Test
Date Steel Wood Percent of i
Material Propert 1/16/79 1/15/81
Assembly[2] Assembly[2,3] [1000Btu Steel Assembly perty /
Wood in assembly
10/78 5099 4922 177 35 Weight, Ibs. |., 170 184
1/79 4600 4542 58 1.3 Total Heat Available, 1000 Btu [2] 1272 1376
1/81 5664 5820 —156 -2.8 Recovered Wood
Mean 5121 5095 2 05 Weight. Ibs. [1] 67.0 62.2
Heat Available, 1000 Btu [2] 501 465
[1] Total fuel supplied to furnace to maintain the ASTM E119 Recovered char )
standard temperature/time relationship. Heat Avail blw‘f:)%‘(‘)* 11;:5' lél 47.0 48.7
[2] Assemblies made with one layer of %  in. Type X gypsum board eat Available, u 131 364 384
on each face. Heat Released, 1000 Btu 207 327
[3] Wood framing was fire retardant treated southern pine. Studs - - -
were spaced 16 in. on center. [1] Weight of wood and char are on a dry-weight basis.

[2] Net heat of combustion of fire retardant treated southern pine
lumber assumed to be 7480 Btu/lb. (dry weight basis). This
value based on gross heat of combustion obtained from a Parr
oxygen-bomb calorimeter test and corrected to a net value
from carbon, hydrogen, and oxygen ash analysis.

[3] Net heat of combustion of char from fire retardant treated
southern pine assumed to be 1200 Btu./Ib. based on a Parr
oxygen bomb calometer test.
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FIGURE 1. Details of Wall-Testing Furnace

A, Furnace Chamber; B, Burners; C, Thermocouple Protection Tubes; D, MT for Debris; E, Observation Windows;

F, Air Inlets; G, Flue Outlets and Dampers; H, Firebrick Furnace-Lining; |, Reinforced Concrete Furnace-Shell;

K, Gas Cocks; L, Control Valve; M, Ladders and Platforms To Observation Windows; N, Moveable Fireproofed Test
Frame; O, Loading Beam; P, Hydraulic Jacks; Q, Test Wall; R, Asbestos Felted Pads Covering Thermocouples on
Exposed Surface of Test Wall.
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FIG. 2

A SIMPLIFIED SCHEMATIC OF THE ASTM E119
FIRE TEST FURNACE AT NATIONAL GYSUM
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APPENDIX A

Calibration of the DanielsInstrument Company Orifice M eter
at theNational Gypsum Resear ch Cor poration

This Appendix describesthederivation of theorifice
flow constant, C, in the basic orifice flow equation

Q = C(hp)
where: Q = flow, standard cubic feet per hour
C' = orificeflow constant
h, = differential pressure across the
flanged-topped orifice plate,
in. of H,0
and P, = absolute static pressure, psi at the

up-stream side of the orifice plate
The derivation and use of the foregoing equation are
discussed in detail in the American Gas Association’s
1969 Revised Edition of “Orifice Metering of Natural
Gas,” the Gas M easurement Committee Report No. 3.
The orifice flow congtant, C', may be expressed as
the product of severd terms each of which representsthe
influence of theimportant factors of orifice meter geometry
and placement, properties of the gas, and environmental
factors such astemperature and barometric pressure. Thus,
C' = FoeF eYoF oF oF eF oeF o
F oF,eF

where:

basic orifice factor

Reynolds' number factor
expansion factor

pressure base factor
temperature base factor
flowing temperature base factor
specific gravity factor

super compressibility factor
manometer factor (for mercury
manometersonly)
orificethermal expansion factor
gauge location factor

<. T m
5 g o

1T

T @
<

ST
L I A | B { B |

m. T
Q

and

Tablesare available for caculating each of the fore-
going factors. These tables are based on a base tem-
perature of 60°F (520R), aflowing temperature of 60°F,
abase pressure of 14.73 psia, and a gas specific gravity
of 1.0.

The orifice plateis of the sharp-edge type, with anin-
sdediameter of 1.375in., andisingdledinanorma 2in. pipe
that hasan actual inside diameter of 2.067 in. The pres-
sure drop through the orifice is measured with a water-
filled differential manometer, and the average pressure
drop, h,,is6.0in. Anup-stream static pressureof 28in. of
water is maintained by apressure regulator. Under these
conditions existing at the National Gypsum furnace, the
following factorsare obtained:

F, = 464.8
F = 10075
Y = 0.9946
F, = 1002
F, = 10

F, = (520°/(460° + T°F))*
Fg = (UG)*
va = 10
F,.= 10

F, = 10

F = 10

Therefore,

Q =466.7 (520/(460+T))* o (I/G)* o (h,P)*CFH
= 177.4 (IIT,(°R))* ¢ (I/G)* ¢ (h,P)**CPM

where: T, = gas temperature, degrees
Rankine (T°F + 460)
G = gpecific gravity of gas (air = 1.0)
and P, = absolute up-stream static pressure
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APPENDIX B

ASTM E119 Temperature-Time Relationship

The ASTM E119 firetest® isamethod of determining
the sandard fireendurance of full-scalewall and floor/calling
assemblies. Thetest assembly isincluded asonewall or
the ceiling of alarge furnace. Fuel isfed to thisfurnace
such that the temperatures measured at selected sitesin
the fire chamber follow astandard temperature/time (T/t)
relationship. This standard T/t relationship is given in
Table B-I.

Also givenin Table B-l isthe area under the standard
T/t curve above a 68°F (room temperature) baseline
for five-minute intervals. The T/t curve and related areas
areshown in Figure B-| for atime of 60 minutes.

The area under the standard T/t curve for each five
minuteinterval wasdetermined by astrai ght-line approxi-
mation of the standard curve. Thisapproximation, which
isused in the andard, is adequate for time periods greater
than 10 minutes. The difference between the smooth
curve and the straight-line approximation as shown in
FigureB-l is16.3 percent for thefirst five-minute period
and 2.8 percent for the second five-minute period. The
overdl ten-minute differenceis 6.9 percent. A discrepancy
of this magnitude could be important in fire endurance
tests of less than twenty minutes. However, in tests of
longer duration, thediscrepancy is probably negligible.
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Table B-1

STANDARD TIME-TEMPERATURE CURVE FOR CONTROL OF FIRE TESTS

Time Temperature, Area Above 68°F Base Temperature, Area Above 20°C Base
o o
hemin F °F-min °F-h e *C-min °C-h
0:00 68 00 0 20 00 0
0:05 1 000 2 330 39 538 1 290 22
0:10 1 300 7 740 129 704 4 300 72
0:15 1 399 14 150 236 760 7 860 131
0:20 1 462 20 970 350 795 11 650 194
025 1 510 28 050 468 821 15 590 260
0:30 1 550 35 360 589 843 19 650 328
0:35 1 584 42 860 714 862 23 810 397
0:40 1 613 50 510 842 878 28 060 468
0:45 1 638 58 300 971 892 32 390 540
0:50 1 661 66 200 1103 905 36 780 613
0:55 1 681 74 220 1 237 916 41 230 687
1:00 1 700 82 330 1372 927 45 740 762
1:.05 1 718 90 540 1 509 937 50 300 838
1:10 1 735 98 830 1 647 946 54 910 915
1:15 1 750 107 200 1 787 955 59 560 993
1:20 1 765 115 650 1 928 963 64 250 1 071
1:25 1 779 124 180 2 070 971 68 990 1 150
1:30 1 792 132 760 2 213 978 73 760 1 229
1:35 1 804 141 420 2 357 985 78 560 1 309
1:40 1 815 150 120 2 502 991 83 400 1 390
1:45 1 826 158 890 2 648 996 88 280 1 471
1:50 1 835 167 700 2 795 1 001 93 170 1 553
1:55 1 843 176 550 2 942 1 006 98 080 1 635
2:00 1 850 185 440 3 091 1 010 103 020 1717
2:10 1 862 203 330 3 389 1017 112 960 1 882
2:20 1 875 221 330 3 689 1 024 122 960 2 049
2:30 1 888 239 470 3 991 1 031 133 040 2 217
2:40 1 900 257 720 4 295 1 038 143 180 2 386
2:50 1 912 276 110 4 602 1 045 153 390 2 556
3:00 1 925 294 610 4 910 1 052 163 670 2 728
3:10 1 938 313 250 5 221 1 059 174 030 2 900
3:20 1 950 332 000 5533 1 066 184 450 3 074
3:30 1 962 350 890 5 848 1 072 194 940 3 249
3:40 1 975 369 890 6 165 1 079 205 500 3 425
3:50 1 988 389 030 6 484 1 086 216 130 3 602
4:00 2 000 408 280 6 805 1 093 226 820 3 780
4:10 2 012 427 670 7 128 1 100 237 590 3 960
4:20 2 025 447 180 7 453 1 107 248 430 4 140
4:30 2 038 466 810 7 780 1114 259 340 4 322
4:40 2 050 486 560 8 110 1 121 270 310 4 505
4:50 2 062 506 450 8 441 1128 281 360 4 689
5:00 2 075 526 450 8 774 1135 292 470 4 874
5:10 2 088 546 580 9 110 1 142 303 660 5 061
5:20 2 100 566 840 9 447 1 149 314 910 5 248
5:30 2112 587 220 9 787 1: 156 326 240 5 437
5:40 2 125 607 730 10 129 1 163 337 630 5 627
5:50 2 138 628 360 10 473 1 170 349 090 5 818
6:00 2 150 649 120 10 819 1177 360 620 6 010
6:10 2 162 670 000 11 167 1 184 372 230 6 204
6:20 2 175 61 010 11 517 1191 383 900 6 398
6:30 2 188 712 140 11 869 1 198 395 640 6 594

Reprinted with per mission of ASTM
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