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SUMMARY

Fire growth and Required Delivered Density measurements were obtained for a vinyl-cov-
ered reclining chair as part of a program to evaluate the Actual Delivered Density
(ADD)/Required Delivered Density (RDD) approach to suppression prediction for quick
response sprinklers in a light hazard scenario. In two tests, chemical and convective heat
release rates of the burning chair were obtained from a fire products collector, while the
radiative heat release rate was measured using a heat flux gauge.

The average maximum chemical heat release rate was 1.5 MW (85,000 Btu/min) with
the convective fraction being 56%. The average growth time of the fire, assuming a
second power growth curve (t2), was 100 s. The RDD of the chair was determined by
measuring the effect of water application on the convective heat release rate of the chair.
Nominal application densities of 2.4, 3.7, 6.1 and 8.6 mm/min (0.06, 0.09, 0.15, and
0.21 gpm/ft2) were applied over a convective heat release rate range of 100 to 450 kW
(5700 to 25,600 Btu/min). The RDD over the range was observed to be between 3.7 and
6.1 mm/min (0.09 and 0.15 gpm/ft2). Due to variations in fire spread and shielding, the
RDD did not vary systematically with heat release rate.

INTRODUCTION
The development of the residential sprinkler,
through research sponsored by the United
States Fire Administration (USFA), and the
development of the Early Suppression Fast
Response (ESFR) Sprinkler, through research
conducted by the Factory Mutual Research
Corporation (FMRC), has led to revolutionary
changes in sprinkler technology. In residential
fire tests using sprinklers actuated by Quick
Response (QR) links1-3, it was demonstrated
that quick response is essential for providing
adequate life safety in residential fires. Based
on the information gained in the USFA spon-
sored programs, residential sprinklers were
developed by the United States sprinkler
industry.

Following the development of the residential

sprinkler, FMRC undertook the ESFR Sprinkler
Program, which had as its objective the develop-
ment of a new high performance sprinkler with
QR links that would suppress high challenge
warehouse fires.4 "The expression ’early sup-
pression’ refers to performance whereby the
first few sprinklers to operate are able to reduce
promptly the fire intensity to an acceptable
level."4 The QR technology is used primarily
since spray penetration is more effective the
smaller the fire size. Because an ESFR sprin-
kler system is designed to achieve fire suppres-
sion during the early stage of fire development,
fire and water damage is limited to a small por-
tion of the fuel array, and superior life safety is
expected.

A significant development resulting from the
ESFR program was the establishment of a sys-
tematic approach to sprinkler performance eval-
uations using relationships between quantifi-
able sprinkler discharge characteristics and the
fire challenge. This approach compares the
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amount of water required for fire suppression,
i.e., the Required Delivered Density (RDD) for
the fuel array, with the amount of water actual-
ly delivered to the burning fire source by sprin-
kler sprays, i.e., the Actual Delivered Density
(ADD). Therefore, in order to predict whether
suppression will occur, a knowledge is required
of the RDD at the heat release rate at which the
first sprinkler actuation occurs. For a given
heat release rate, if the ADD value is greater
than the RDD value, early fire suppression pre-
sumably can be expected.

In the ESFR Sprinkler Research Program,
FMRC developed a quasi-steady model to pre-
dict sprinkler response to rack storage fires
based on their fire growth histories.5 In this
model, ceiling flow temperatures and velocities
were correlated in terms of the radial distance
from the fire axis and characteristics of the
undeflected plume at the ceiling level. Sprinkler
response times and the heat release rates at
first sprinkler actuation were predicted from
the ceiling flow using a thermal response model
for sprinklers.6

An apparatus to provide a uniform water densi-
ty at the top surface of rack storage was devel-
oped by FMRC to determine the RDD values of
a plastic commodity for various storage heights
at several fire sizes.7 An ADD apparatus was
also developed, using heptane spray fires to
simulate the plume of the burning commodity,
to measure ADD values of ESFR sprinklers
under simulated rack-storage fire conditions.4
The ESFR prototype sprinklers capable of deliv-
ering an ADD value greater than the RDD
value were subsequently tested in full-scale and
intermediate-scale rack storage fire tests to
evaluate their fire-suppression capability.4
Results from these tests demonstrated that the
ESFR prototype sprinklers were suitable for
this high challenge application. Commercial
ESFR sprinklers are now listed by
Underwriters Laboratories (UL) and approved
by FMRC.

The objective of the present study is to evaluate
the ADD/RDD approach to suppression predic-
tion for QR sprinklers in a light hazard fire sce-
nario. Although the use of QR links in sprin-

klers will improve sprinkler response times,
suppression will not occur unless the sprinkler
discharge has the proper momentum flux, drop
size distribution, and water flux density. This
has been clearly shown in a recent investigation
comparing standard and QR sprinkler perfor-
mance in storage and mercantile occupancies.8,9
Recently the suppression capability of QR sprin-
klers was evaluated in a program sponsored by the
National Fire Protection Research Foundation. 1°, 11
However, due to the absence of full-scale fire test-
ing in the study, the efficacy of the ADD/RDD
concept cannot be evaluated from their results.

In the present study, the ADD/RDD approach to
suppression prediction was evaluated for a spe-
cific light hazard fire scenario using a residen-
tial and a QR sprinkler. Measurements of chem-
ical, convective and radiative heat release rates
are reported here for a burning vinyl covered
reclining chair. The chair is similar to that used
in the Los Angeles Residential Program2 to
develop the residential sprinkler. These mea-
surements, along with plume velocities and
temperatures, reported in Part 212 of this study,
were used by Yu 13 to estimate the range of heat
release rates for which sprinkler actuation
would occur for QR sprinklers, installed on a
3.66 m x 3.66 m (12 ft x 12 ft) spacing for ceiling
heights of 2.44 m, 3.05 m, and 4.57 m (8, 10,
and 15 ft). Based on these heat release rate esti-
mates, the RDD of the burning chair was deter-
mined at convective heat release rates ranging
from 100 to 450 kW (5700 to 25,600 Btu/min).
In Part 2 of this study, the ADD of selected
sprinklers was determined, and the suppression
capability of the sprinklers was predicted based
on the ADD/RDD measurements. Full scale
tests to validate the ADD/RDD concept are
reported in Part 2.

FIRE GR4WTH MEASUREMENTS
A Fire Products Collector (FPC) was construct-
ed similar to that used to test large industrial
commodities at the FMRC Test Center. 14 A
schematic of the collector is shown in Figure 1.

The collector cone was constructed with a base
diameter of 3.66 m (12 ft) and a cone height of
1.22 m (4 ft). The collector is connected to insu-
lated stainless steel duct work 0.6 m (2 ft) in
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Figure 1. Schematic of Fire Products Collector.

diameter. The base of the cone is 6.1 m (20 ft)
above the floor of the building; however, in this
study a 1.2 m x 1.8 m (4 ft x 6 ft) platform, 2.1
m (7 ft) above the building floor, was used to
support the fuel package. The FPC is housed in
a building 18 m (L) x 12 m (W) x 10 m (H) (60 ft
x 40 ft x 33 ft).

An orifice plate with an inner diameter of 0.48
m (19 in.) was placed downstream of the cone in
the duct work. The orifice plate was used to
enhance mixing of the collector gases and as a
means of measuring the volumetric flow rate
through the collector. Pressure taps were placed
one diameter upstream and one-half diameter
downstream of the orifice plate to allow volu-
metric flow measurement. Fire products and
ambient air were drawn into the collector by a
radial-blade blower. The volumetric flow was
nominally 10.5 m3/s (22000 cfm) at a static pres-
sure of 2.5 kPa (0.36 psi). The collector gases
were exhausted through a stack.

Instrumentation five diameters downstream of
the orifice plate consisted of a 25 mm (1 in.)
diameter bi-directional probe, a 6 mm (1/4 in.)
diameter stainless steel tube for gas sampling,
and two alumel-chromel thermocouples, fabri-
cated from 30 gauge wire (0.25 mm diameter).
One of the thermocouples was placed within the
gas sampling line. No significant differences in
response of the two thermocouples were
observed during fire testing. The time constant
of the thermocouples in the FPC is estimated as
0.5 s. The gas sampling line, the unaspirated

_ _ _ -_ 

= , , , , -_ . , , - 
--

thermocouple, and bi-directional probe were
placed 25 mm (1 in.) off the centerline of the
duct, 120° apart.

The pressure taps from the bi-directional and the
orifice plate were connected by 6 mm (1/4 in.)
copper tubing to electronic manometers. Errors in
gas velocity due to inaccuracies of the electronic
manometers, as specified by the manufacturer,
were less than 0.7% and 1.3% for the bi-direction-
al probe and orifice plate, respectively.

Gas sampling lines were installed to an instru-
mentation room approximately 12 m (40 ft) from
the instrumentation section of the FPC. The gas
flow through the sampling line was 10 Plmin
through 6 mm (1/4 in.) flexible nylon tubing.
The lag time associated with the sampling line
was 31 s. The gas from the collector was ana-

lyzed for carbon dioxide, carbon monoxide, and
unburned hydrocarbons (CH4). Carbon dioxide
and carbon monoxide concentrations were
obtained from Beckman 864 infrared gas ana-

lyzers. A Beckman 400 flame ionization detector
was used to analyze the collector gas for
unburned hydrocarbons.

In addition to the collector instrumentation
indicated above, inconel sheathed, 30 gauge
alumel-chromel thermocouples were also
installed to measure ambient gas temperature
outside of the collector and at the edge of the
collector to indicate collector spillage, as in the
FMRC Test Center’s FPC.14 Four thermocou-
ples were spaced around the edge of the base of
the collector 90° apart. The thermocouples were
15 cm (6 in.) below the edges. Ambient air tem-
perature outside of the collector was measured

approximately 4.6 m (15 ft) from the center of
the collector at three locations: even with the
bottom of the collector base, 1.52 m (5 ft) above
the bottom of the collector base, and 1.52 m (5
ft) below. No significant variation in tempera-
ture or stratification was observed during fire
testing.

Data from the instrumentation were acquired
using an ADAC disk BASYS System. The
analog signals were digitized using a 12 bit A/D
converter. Signals from the chromel-alumel
thermocouples were isolated and filtered at 3
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Hz using a signal conditioner. Data were
acquired at a rate of 4 scans per second during
measurements to determine heat release rates.
The data were stored on a 10 Mb cartridge for
subsequent processing on a DEC micro
PDP11/23 computer.

Prior to measurements of the heat release rate
of the burning reclining chair, the accuracy of
the FPC was evaluated using heptane pool fires.
Profiles of gas temperature and carbon monox-
ide in the instrumentation section indicated
that point measurements were a good represen-
tation of collector gas temperatures and chemi-
cal composition. A numerical integration of the
gas velocity profile, as measured by the bi-direc-
tional probe, indicated a volumetric flow which
was within 4% of that determined by the orifice
plate. The sum of the measured convective heat
release rate obtained from the FPC and the
radiative heat release rate, as measured by a
heat flux gauge 2.9 m (9.5 ft) from the fire axis,
agreed within 5% of the chemical heat release
rate, based upon the generation of carbon
monoxide and carbon dioxide.15 Complete
details of the FPC calibration are given in
Reference 13.

’ 

TEST DESCRIPTION
The vinyl-covered upholstered chair used in this
investigation consisted of padding nominally

made of 30% polyurethane foam, 63% shredded
polyurethane foam, and 7% cotton (contents
description from the manufacturer). A detailed

description of the complete material contents of
one chair is shown in Table 1. The chair was

nominally 0.75 m (L) x 0.66 m (W) x 1 m (H) (29
in. x 26 in. x 39 in.) In the two freeburn fire

tests under the FPC, the chair was positioned
on a platform 4 m (13 ft) below the base of the
collector. The ignition source consisted of two
0.3 m (1 ft) long cotton wicks soaked in a total of
40 ml of ethanol and then placed adjacent to the
side of the chair. The cotton wicks were ignited
by a match.

HEAT RELEASE RATE RESULTS

Chemical, convective, and radiative heat release
rates were determined under the FPC in the
two freeburn tests. Convective and radiative

heat release rates were obtained as discussed in

References 13 and 14. Chemical heat release

rates were obtained from the measurements of

carbon dioxide and carbon monoxide generation
rates. As discussed in Reference 15, the chemi-
cal heat release rate may be measured as:

where mco2 and mco are the mass generation
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rates measured by the FPC of carbon dioxide
and carbon monoxide, respectively; I~CO2 and
Kco are theoretical product yields for carbon
dioxide and carbon monoxide; Ht is the theoreti-
cal heat of combustion of the fuel; Hco is the
heat of combustion of carbon monoxide.

For the upholstered chair, which is made up of a
composite of materials, the coefficients Ht /KCO2
and (Ht - Kco HCO)IKCO must be estimated from
the values for these coefficients for the individual
constituents of the chair. Representative values
were obtained from Reference 15 by averaging the
coefficients for the individual constituents.

In Figures 2 and 3, chemical convective and radia-
tive heat release rates are shown for the two free-
burn chair tests. The maximum chemical heat
release rates in the two tests were 1.6 MW and 1.4
MW (90,000 Btu/min and 80,000 Btu/min). At the
time of maximum heat release, the measured con-
vective fractions of the total were, respectively, 55%
and 56%. The measured radiative fractions at the
maxima were 35% and 37%. Thus, the measured
chemical heat release rates agreed with the sum of
the individually measured convective and radiative
rates to within 10%. Although flames had been
seen to intermittently reach the collector base in
both chair tests, the thermocouples placed around
the edge of the collector showed no indications of
spillage.

Figure 2. Heat Release Rates of a Vinyl Covered
Reclining Chair as Measured Under a Fire Products
Collector (Test 1), - - - Chemical, - Convective, -. -
Radiative.

In Figures 2 and 3, it is clear that the burning
histories of the two chairs were somewhat dif-

ferent. In order to quantify the difference, the
chemical heat release data were fitted to second

power growth curves, Q = 1000 f(t - to)Itg)2.
Here, to is the incipient growth time of the fire
and tg is the time for the fire to grow to 1000
kW Fires are characterized in this manner in

the National Fire Protection Association’s

(NFPA) NFPA 72E Standard on Automatic Fire

Detectors.16 In this standard, fires are charac-
terized as fast, medium or slow, depending on
whether tg is less than 150 s, tg is between 150
and 399 s, or tg is greater than 399 s.

A fit of the chemical heat release data between

100 kW (5700 Btu/min) and the maximum

chemical heat release rate was obtained for the

data shown in Figure 2. In the case of the data
shown in Figure 3, the data included in the fit
was between 100 kW (5700 Btu/min) and 1170

kW (66,500 Btu/min) since fire growth beyond
that heat release rate decreased substantially
as the maximum was approached. The growth
times, tg, corresponding to Figures 2 and 3
were, respectively, 121 and 77 s. Both growth
times indicate that the upholstered chair fire is
a &dquo;fast&dquo; fire as defined by NFPA 72E.16 An aver-

age growth time for the chair is 100 s.

Figure 3. Heat Release Rates of a Vinyl Covered
Reclining Chair as Measured Under a Fire Products
Collector (Test 2), - - - Chemical, - Convective, -. -
Radiative.
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RDD MEASUREMENTS

The RDD Apparatus
The Required Delivered Density (RDD) concept
was developed at Factory Mutual Research
Corporation (FMRC) to determine sprinkler
water application requirements for direct water
suppression of fires.4 In the ESFR program, the
RDD for a given commodity was defined as the
density of water uniformly applied at the top
commodity surface at a given heat release rate
which causes and maintains a substantial
decrease in the heat release rate of the fire.

Due to the fact that the top surfaces of the chair
are at different elevations, the interpretation of
RDD is more complex than that for the rack
storage of cartoned commodities. In the rack
storage RDD tests by FMRC,9 nozzles were
located over a horizontal area covering the top
of the test array and provided a reproducible
and well-defined water distribution to the top
exposed surface of the fuel package. In contrast,
for a given uniform density of water applied in a
horizontal plane above the chair, the distribu-
tion of water over the various chair surfaces is
unclear since the flow of water from surfaces at
one elevation to another is not predictable.
Thus, rather than apply a known density to
exposed surfaces such as the top and seat of the
chair, we decided to apply a uniform density at
a horizontal plane above the chair, allowing the
water density at other surfaces to be deter-
mined by the water applied from above and by
water flowing from other surfaces. Since the
flow from other surfaces is uncontrolled and

unknown, it is most appropriate to measure
Actual Delivered Density (ADD) at the same
horizontal plane as that used for water applica-
tion in the RDD measurements reported here
(see Part 212).

A schematic of the RDD apparatus is shown in
Figure 4. The apparatus consisted of a 4 x 4 array
of nozzles spaced 0.25 m (10 in.) apart. The noz-
zles were connected to a water supply system by
four stainless steel rectangular tubes [25 mm
(wide) x 32 mm (high) and 2 mm (thick) (1 in. x 1-
1/4-in. x 0.083 in.)] connected to a manifold. Water
flow to the nozzles was monitored by two rotame-
ters. A bourdon tube pressure gauge measured

the manifold pressure. In addition to the 16 noz-

zles, four air bleed nozzles (one centered in each
stainless steel tube) were available to expedite
the removal of air from the system.

The entire array (manifold and stainless steel

tubes) was placed on two 76 mm (3 in.) alu-
minum I-beams which rode on a chrome-plated,
steel-hardened track. This allowed the array to

travel 1.2 m (4 ft). The RDD apparatus was

pulled along the track by a pneumatic motor. In

Figures 5 and 6, photographs of the RDD appa-
ratus show the apparatus under test conditions.
The entire array was placed under the FPC.
The nozzles were placed to be 0.38 cm (15 in.)
above the top surface of the chair, which was 3
m below the base of the cone of the collector.

The RDD apparatus was calibrated to provide
water application at four nominal densities: 2.4,
3.7, 6.1 and 8.6 mm/min (0.06, 0.09, 0.15, 0.21

gpm/ft2). Commercial nozzles with a nominal
cone angle of 70° were used. The volume median
drop sizes (as provided by the manufacturer)
were 0.3, 0.5, 1.1 and 0.98 mm, respectively, for
the densities ranging from 2.4 to 8.6 mm/min.
For comparison, the volume median diameters
of a residential sprinkler and 12.7 mm (1/2 in.)
orifice QR sprinkler used in Part 2 of this study
were 0.65 and 0.78 rnm, respectively . The RDD
was calibrated by placing an array of nine 0. 27
m (10.5 in.) squared pans with 0.10 m (4 in.)
sides below the nozzles. The tops of the pans
were placed 0. 38 cm (15 in.) below the nozzles.

Figure 4. Schematic of the RDD Apparatus (All dimen-
sions in mm).



- 87 

RDD TESTING PROCEDURES
In a test to determine the RDD, the apparatus
was initially placed beyond the fuel package.
Water flow through the nozzles was then initiat-
ed and the four air bleed nozzles in the center of
the stainless steel tubes were opened to aid the
removal of air from the system. When the flow
was stabilized, the bleed valves were shut and
the rotameters were set to give the appropriate
flow rate. Prior to starting the test, the reclining
chair had been centered under the FPC on the
platform below the base of the collector. Ignition
occurred as in the previously described tests
under the FPC. As the fire spread along the
chair, the convective heat release measured by
the FPC was reported each second on the com-
puterized data acquisition monitor. When the
intended heat release rate was achieved, the
pneumatic motor was actuated, pulling the
RDD apparatus over the chair. The time
required to bring the RDD apparatus in place
was 3 s. Heat release rate data continued to be
acquired after water was applied until the heat
release rate was reduced to about 20 kW (1100
Btu/min).

Twelve tests were conducted to determine the
RDD as a function of the heat release rate. Four
nominal heat release rates were used in the
study with three different water application
densities per heat release rate. Test conditions
are listed in Table 2. The table lists the nominal
(intended) convective heat release rates at the
time of water application, along with the actual
measured range of the heat release rate during

Figure 5. Suppression After the Application of Water
Under the RDD Apparatus at 325 kW (18,500 Btu/min),
Test 8 Density = 3.8 mm/min (0.093 gpm/ft).

the 3 s in which the RDD apparatus was moved
into position. Note that the actual heat release
rates differ from the intended nominal rates due
to errors in anticipating the rate of increase of
the heat release rate. The associated water

application densities are also listed in Table 2.
The four nominal heat release rate conditions

were selected to be representative of the convec-
tive heat release rates predicted to occur at first
sprinkler actuation for different ceiling heights
and fire source/sprinkler location configurations
for a QR sprinkler installed on a 3.6 m x 3.6 m
(12 ft x 12 ft) spacing, 13 The predictions by Yu 13
were based upon the convective heat release
rates reported here and plume and ceiling corre-
lations. The predictions are shown in Table 3.
The sprinkler thermal sensitivity parameters,
the Response Time Index (RTI) and Conduction
Factor (C), are also indicated in Table 3. A dis-
cussion of RTI and C is given in Reference 17.
The calculations for one, two and four sprin-
klers correspond to the scenarios where the
chair was directly under a sprinkler, between
two sprinklers, and centered between four
sprinklers, respectively.

After an RDD test and prior to changing nozzles
and the operating pressure, the application den-
sities were measured in nine 0.27 mm (10.5 in.)
square pans. These results are reported in Table
4. The table lists the mean application density
and the standard deviation of the nine pans as a

percentage of the mean. Note that some results

reported in Table 4 cover more than one test
since the nozzles and operating pressure were
not changed between tests. (Tests have been re-

Figure 6. Regrowth of Fire After Application of Water
Under the RDD Apparatus in Test 8, Density = 3.8
mm/min (0.093gpm/ft2).
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numbered for convenience and do not reflect the
actual order of tests.)

RESULTS

Description of the Chair Fire at the
Time of Water Application
Four nominal convective heat release rates were
selected for the water application tests: 100, 150,

300, and 450 kW (5700, 8500, 17,100 and 25,600
Btu/min). Recall that the heat release rate results
obtained from the fire products collector indicate
that the convective heat release rate is 56% of the

chemical heat release rate. At a heat release rate

of 100 kW, the vinyl fabric along the side of the
chair was almost completely consumed. Typically
the fire spread one quarter of the way across the

top and seat of the chair. 
I
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At a convective heat release rate of 150 kW, the
fire spread about halfway across the chair.
When the heat release rate was 300 kW, the fire
spread across the entire seat and top of the
chair, and the flame height was about 3.3 m (11
ft) above the platform supporting the chair. At a
heat release rate of 450 kW, the fire plume had
thickened and the flame height increased to
about 4 m ( 13 ft).

Water Application at a Nominal
Convective Heat Release of 100 kW
The convective heat release histories associated
with Tests 1 through 3 (Table 2) are shown in
Figures 7a through 7c. The nominal heat
release rate at the time of water application was
100 kW (5700 Btu/min). The respective mean
application densities for these three tests were
2.3, 3.7, and 6.6 mm/min (0.056, 0.091 and
0.163 gpm/ft2). In Figures 7a through 7c, the
time and heat release rate at the start of water

application are indicated by arrows.

From Figure 7a, one can clearly see that a den-
sity of 2.3 mm/min was insufficient to cause
suppression. No significant effect upon the rate
of rise in the convective heat release rate is per-
ceptible in Figure 7a. Increasing the application
density to 3.7 mm/min (Figure 7b) greatly
reduced the rate of rise in the heat release rate,
and the maximum heat release rate achieved in
Test 2 was about one third that of Test 1.

Increasing the application rate to 6.6 mm/min
in Test 3 (Figure 7c) caused suppression. In
reviewing videotapes of the tests, we noted that
Test 2 was somewhat unusual in that the fire

spread primarily to the back of the chair rather
than to the seat. This was significant since the
inclination of the back of the chair shielded it

from the water droplets.

Water Application at a Nominal Con-
vective Heat Release Rate of 150 kW

Convective heat release histories for Tests 4

through 6 are shown in Figures 8a through 8c. In
these tests water was applied at a nominal heat
release rate of 150 kW (8500 Btu/min; see Table
2). The application densities were 2.3, 3.7, and 6.0
mm/min (0.056, 0.091 and 0.147 gpm/ft2). The
results shown in Figures 8a through 8c are similar
to those shown in Figures 7a through 7c; i.e., sup-
pression occurred at a density of 6 mm/min.
However, a comparison of comparable tests [Test 1

(Figure 7a) and Test 4 (Figure 8a), for example]
indicates that water application at the higher heat
release rate was more effective in initially sup-
pressing the fire. One possible explanation is that
at the higher heat release rate, more of the vinyl
fabric covering the chair had been consumed,
allowing water to penetrate more effectively in the
polyurethane foam in the chair. In the case of Test
2 (Figure 7b), there is also the observation that the
fire spread significantly to the back of the chair,
shielding it from the droplets.

Water Application at a Nominal Con-
vective Heat Release Rate of 300 kW

Convective heat release histories for Tests 7

through 9 (nominal convective heat release of
300 kW (17,100 Btu/min; see Table 2) are shown
in Figures 9a through 9c. The application densi-

,
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Figure 7. Convective Heat Release Rate Histories Under
the RDD Apparatus with Water Applied at a Nominal Heat
Release Rate of 100 kW (5700 Btu/min): a) Density =
2.3 mm/min (0.056 gpM/ft2), b) Density = 3.7 mm/min
(0.091 gpm/ft2), c) Density = 6.6 mm/min (0.163
gpM/ft2); -> Indicates Time of Application.

ties were 2.3, 3.8 and 6.0 mm/min (0.056, 0.093,
and 0.147 gpm/ft2). Trends are similar to those
in Tests 1 to 3 and 4 to 6. However, comparing,
for example, Figures 8b and 9b, it seems, as
might be expected, that the increased heat
release rate in the case of Test 8 has decreased
the effectiveness of the water in suppressing the

Fgure 8. Convective Heat Release Rate Histories Under
the RDD Apparatus with Water Applied at a Nominal Heat
Release Rate of 150 kW (8500 Btu/min): a) Density =
2.3 mm/min (0.056 gpm/ft2), b) Density = 3.7 mm/min
(0.091 gpm/ft2), c) Density = 6.0 mm/min (0.147
gpm/ft2); -> Indicates Time of Application.

fire. Figures 5 and 6 show photographs of Test 8
in which the water application density was 3.8
mm/min. The initial suppression of the fire is
shown in Figure 5. The subsequent increase in
heat release rate shown in Figure 9b is depicted
in Figure 6. Suppression of the fire occurred in
Test 9 (Figure 9c) when the application density
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Figure 9. Convective Heat Release Rate Histories Under
the RDD Apparatus with Water Applied at a Nominal Heat
Release Rate of 300 kW (17,100 Btu/min) : a) Density =
2.3 mm/min (0.056 gpm/ft2), b) Density = 3.8 mm/min
(0.093 gpM/ft2), c) Density = 6.0 mm/min (0.147
gpm/ft2); -> Indicates Time of Application.

was increased to 6.0 mm/min.

~ 

Water Application at a Nominal Con-
vective Heat Release Rate of 450 kW
Three tests were conducted in which water was

applied at a nominal convective heat release

Figure 10. Convective Heat Release Rate Histories Under
the RDD Apparatus with Water Applied at a Nominal Heat
Release Rate of 450 kW (25,600 Btu/min): a) Density =
3.7 mm/min (0.091 gpM/ft2), b) Density = 6.4 mm/min
(0.156 gpM/ft2), c) Density = 8.6 mm/min (0.212
gpm/ft2); -> Indicates Time of Application.

rate of 450 kW (25,600 Btu/min; Tests 10, 11,
12). Water application rates were 3.7, 6.4, and
8.6 mm/min (0.091, 0.156 and 0.212 gpm/ft).
The results are shown in Figures 10a through
10c. Figure l0a shows the convective heat
release rate as a function of time in Test 10 in

which the application rate was 3.7 mm/min. As



- 92 -

in the case of the RDD tests at 150 kW, it seems
that at the higher heat release rate the applied
water is more effective in suppressing the fire.
For example, in contrast to Test 8 (Figure 9a),
in which a substantial regrowth of the fire
occurred, the heat release rate in Test 10, was
reduced significantly shortly after water was
applied and the fire maintained a heat release
rate of about 230 kW (13,100 Btu/min) for less
than a minute after which suppression
occurred. As discussed above, this result may
have occurred due to a more favorable spread-
ing of the fire across the vinyl fabric, allowing
water to more effectively penetrate the
polyurethane foam. In Tests 11 and 12 the fir
was suppressed.

Reviewing Tests 1 through 12, it is clear that
variations from test to test in fire spread and
shielding preclude a precise measurement of
RDD as a function of the convective heat release
rate for this fuel package. Moreover, due to such
variations the RDD did not vary systematically
with heat release rate.

CONCLUSIONS
In two tests of a vinyl-covered, polyurethane-
padded reclining chair, the maximum chemical
heat release rates were 1.6 and 1.4 MW (90,000
and 80,000 Btu/min). The convective fraction of
the total was 56%. The average growth time
was 100 s. The RDD for the chair was bracketed
between 3.7 and 6.6 mm/min (0.09 and 1.63
gpm/ft2) in a series of twelve RDD tests. The
RDD was not observed to vary systematically
with heat release rate. Variations in RDD from
test to test appeared to be due in part to differ-
ences in fire spread and shielding as well as the
heat release rate at the time of water applica-
tion. Given these variations, a nominal RDD of
5 mm/min (0.12 gpm/ft2) over a convective heat
release rate of 100 to 450 kW (5700 to 25,600
Btu/min) is indicated.
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