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Abstract

An experimental study was conducted to investigate the burning behavior
of an individual Group A plastic commodity over time. The objective of the
study was to evaluate the use of a nondimensional parameter to describe the
time-varying burning rate of a fuel in complex geometries. The nondimen-
sional approach chosen to characterize burning behavior over time involved
comparison of chemical energy released during the combustion process with
the energy required to vaporize the fuel, measured by a B-number.

The mixed nature of the commodity and its package, involving polystyrene
and corrugated cardboard, produced three distinct stages of combustion
that were qualitatively repeatable. The results of four tests provided flame
heights, mass-loss rates and heat fluxes that were used to develop a phe-
nomenological description of the burning behavior of a plastic commodity.
Three distinct stages of combustion were identified. Time-dependent and
time-averaged B-numbers were evaluated from mass-loss rate data using
assumptions including a correlation for turbulent convective heat transfer.
The resultant modified B-numbers extracted from test data incorporated
the burning behavior of constituent materials, and a variation in behavior
was observed as materials participating in the combustion process varied.
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Variations between the four tests make quantitative values for each stage of
burning useful only for comparison, as errors were high. Methods to extract
the B-number with a higher degree of accuracy and future use of the results
to improve commodity classification for better assessment of fire danger is
discussed.

Keywords:
commodity classification, B number, Spalding number, warehouse fire,
corrugated cardboard, polystyrene, group a plastic
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Nomenclature

B-number (Spalding Mass Transfer Number,
Equation 1) (-)

Specific Heat at Constant Pressure (J/kg K)
Heat Transfer Coefficient (W/m? K)

Heat of Gasification (J/kg)

Heat of Combustion (J/kg)

Thermal Conductivity (W/m K)

Mass-Loss Rate (Mass Flux) (kg/m?s)
Nusselt Number (-)

Prandtl Number (-)

Heat Flux (W/m?)

Mass Consumption Number (Yo, /vsYrr) (-)
Time (s)

Temperature (K)

Flame Length (Height) (m)

Pyrolysis Length (Height) (m)

Mass Fraction of Fuel in Transferred Phase (-)
Mass Fraction of Oxygen (-)

Flame Standoff Distance (cm)

Thermal Diffusivity (m?/s)

Stoichiometric Oxygen/Fuel Mass Ratio (-)
Density (kg/m?)

Kinematic Viscosity (m?/s)

Radiation Fraction, Equation 1 (-)

Gas

Ambient

Flame

Pyrolysis Region

American Society for Testing and Materials
National Fire Protection Association




1. Introduction

The storage of commodities in large warehouses poses a unique hazard
to occupants, fire fighters, and surrounding communities due to the con-
centration of lammable, often toxic materials stored to heights of up to 16
meters (50 ft). A recent fire at Tupperware Brands Corp.’s manufacturing
and distribution center in Hemingway, South Carolina has brought increased
attention to the current need for improvement of large warehouse fire pro-
tection [1]. The fire was ignited by an electrical spark in a rack and quickly
spread, completely destroying the 15,329 m? facility over a period of 35 hours.
The warehouse was fully protected by in-rack sprinklers, installed to current
codes and standards, yet the protection system still failed. A series of similar
losses have occurred, as summarized in table 1.

Table 1: Recent Fire Losses in Large Warehouse Storage Facilities.

05/22/09 Furniture 4,600 m? warehouse, filled with furniture and electronics.
Warehouse— An Inventory of $5 million was lost. 120 Fire Fighters were
Houston, TX involved in putting the fire out [2].
12/11/07 Warehouse Fire— 15,329 m? warehouse storing plastic Tupperware. Ware-
Hemingway, SC house was protected by sprinklers to code, 78 firefighters
responded but fire burned out of control for a 35-hour pe-
riod [1].
6/19/07 Furniture 9 firefighters died. Furniture presented much larger fire
Warehouse Fire— hazard than protection system could handle. Flashover
Charleston, SC occurred while firefighters were attempting to find the seat
of the fire, after one employee was rescued. [3].
12/16/03 | Furniture 1 firefighter died while searching for the seat of a fire in a
Warehouse Fire— furniture and mattress warehouse [4].
NY
3/14/01 Supermarket Fire— 1 firefighter died. Fire began in storage pile in the rear of
Phoenix, AZ the store, spreading throughout the store rapidly via attic
and duct space [5].
12/18/99 Paper Warehouse 1 firefighter died after becoming lost in a paper warehouse
Fire— MS fire. The structure was equipped with a sprinkler system
[6].
12/3/99 Cold-Storage and 6 firefighters died after becoming lost in a six-floor, maze-
‘Warehouse like building searching for two victims. The building was
Building Fire- MA | abandoned at the time of the fire [7].
4/16/96 Lowes Store— Fire grew so rapidly it penetrated the roof and filled the
Albany, GA building with smoke down to the 1.5 m (5 ft) level, all
within about 5 minutes. The fire took over 2 days to extin-
guish, destroying the 8,000 m? warehouse. The fire resulted
from commodities stored in racks not matched to the fire
hazard [8].




Current methods for commodity classification are outlined by FM Global
and the National Fire Protection Association (NFPA) based upon full-scale
rack storage tests of “standard” commodities. Standard commodities consist
of a product, usually plastic, paper, or glass cups contained within a seg-
regated corrugated cardboard box [9]. The classification scheme currently
used in the United States places commodities into one of seven groups, Class
[-IV general commodities or Group A-C plastic commodities. The Group A
plastic commodity represents the greatest fire hazard. The scheme was de-
veloped from large-scale tests, comparing the performance of fire sprinklers
with varying water application densities to control a fire in a large rack-
storage configuration of commodities [10]. In general, stored commodities
for warehouses undergo a variety of small-scale tests as an initial evaluation
of their fire hazard, but for even moderately hazardous commodities, addi-
tional mid-to-large-scale testing is required at great expense [11]. Despite
several previous studies, there does not currently exist a good method to
correlate or compare small-scale test data to large-scale fire tests [12, 13].
Attempts to develop a large-scale model have also not addressed the fact
that commodities and their packages involve several mixed materials, and
the influence of these different materials together must be accounted for.

The stream of current large warehouse losses, shown in table 1 suggests
changes to current warehouse design principles may be necessary to stem
this current trend. An appropriate fundamental starting point for research,
however, is difficult to determine. The burning rate, fire-spread rate, time
to ignition, and fuel vaporization temperature are all factors that affect the
burning of a fuel, but for a fire in a warehouse setting an adequate indica-
tion of lammability and suppression performance might well be determined
solely from the burning rate of the commodity in the warehouse. While the
critical heat flux and time to ignition are relevant in determining whether
a fire will start, since the function of sprinklers protecting a facility is to
control and suppress fires that occur, their requirements are influenced more
strongly by the burning rate and spread rate, and spread rates may correlate
with burning rates sufficiently well. Careful study of the small-scale burning
rates of a standard Group A plastic commodity, therefore, was chosen for
study. Because this commodity group represents the greatest hazard and be-
cause its large-scale behavior has been extensively studied, more data on its
small-scale burning behavior may serve as a useful starting point for future
investigations.



2. Definition of the B-number

It has been shown by Pagni and Shih [14] that upward laminar flame
propagation can be described well by the B-number (also called Spalding’s
mass transfer number) [15]. The B-number appears in a boundary condition
at the fuel surface in the classical Emmons solution for forced-flow flames
over a condensed fuel [16]. This dimensionless parameter is quite simply
a ratio that compares a summation of the various impetuses (e.g. heat of
combustion) for burning to a summation of the various resistances (e.g. heat
of vaporization) to the process. Originally [16] a purely thermodynamic
quantity, its definition can be extended to encompass effects of different heat-
transfer processes [17]. A useful definition that can be selected is [17]

(1- X)(AHCYOQ,OO)/VS - Cp,OO(Tp —T) (1)
AH,+Q

where x is the fraction of the total energy released by the flame that is
radiated to the environment, AH, denotes the heat of gasification of the
condensed fuel and AH, represents the heat of combustion. Here v, denotes
the oxygen-fuel mass stoichiometric ratio, Yo, ~ is the mass fraction of oxy-
gen in ambient air, C, o represents the specific heat of air at an ambient
temperature of T, and 7, equals the pyrolysis temperature of the fuel. The
parameter () represents the normalized non-convective heat transfer at the
surface, given by

B =

qg,c + qg,r - q.;g,r
s
My

Q= (2)
where 7t is the burning rate per unit area, ¢; . represents the rate of in-
depth conduction of energy per unit area, ¢, represents the rate of surface
re-radiation of energy per unit area, and ¢}, denotes the radiative energy
feedback from the flame to the surface per unit area. Thus, a large B-number
basically implies a highly exothermic fuel relative to the heat required for
gasification.

Some prior work has classified material flammability using a B-number
specific to homogeneous materials [14, 18, 19]. A warehouse commodity how-
ever, consists of collections of different materials, and if a practical lamma-
bility ranking scheme is to be developed it should take into account the
flammability of the basic product, its packaging, and its container. By ex-
perimentally determining the burning behavior of a mixed material, in this
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work by determination of a modified B-number, a relative influence of mixed-
material interactions and turbulence can be estimated for various stages of
burning. In calculation of the B-number accuracy is sacrificed in favor of
providing a description of the burning behavior throughout its combustion
process. This is important in providing a qualitative picture of the small-
scale burning behavior of commonly-used warehouse commodities, and is a
stepping stone to design representative tests of higher accuracy. Because the
B-number has been shown to predict the burning rate in simple geometries
(14, 20], and thus the heat release rate, it arises as a relevant parameter
to describe the thermal loading in a theoretical fire. This knowledge could
be useful in a commodity ranking scheme because suppression systems are
designed to control a potential thermal load created by stored materials, if
adequate accuracy could be achieved while applying such a method to larger
scales.

In warehouse protection “fire suppression” is typically defined as limiting
fire spread long enough for fire crews to arrive and extinguish the fire, but
definitions vary, and suppression also may be equated with providing extinc-
tion. Rasbash [21] has indicated that a critical B-number may be defined
below which extinction occurs by water application. Thus, irrespective of
whether extinction or delaying spread is the criterion, the B-number arises
as a relevant parameter with potentially wide application to future studies.

3. Calculation of the B-number from Experiments

One approach to correlating the vaporization and combustion rates of a
warehouse commodity is to follow the procedure presented by Kanury [22],
which expresses the average burning rate per unit area m} as

it = Ci (B + 1) 3)
.9

where h is the heat-transfer coefficient and ¢, , may be approximated as the
specific heat of air at a temperature equal to an average of flame temperature
and ambient [23]. This equation links the burning rate, m to the heat-
transfer conditions h/c, , and material /thermodynamic In(B + 1) controlling
parameters assuming a steady burning rate and constant ¢, . As explained
in a recent publication [24], a number of improved laminar boundary-layer
types of theories lead to formulas that are more complicated than this, but



the results are qualitatively the same, and the fluctuating flames and incipient
turbulence of the present experiments raises questions about the degree of
applicability of such theories. For these reasons, this simplistic approach was
chosen over other relevant approaches, to provide a more straightforward
method of calculation.

To estimate the rate of convective heat transfer in our simplified approach,
and thus the influence of the flow field during upward turbulent burning, a
relation with the Nusselt number, Nu, may be used [25], namely

L PsQagy. (4)
Cq Xp
where p, and a4 are the density and thermal conductivity of air, respectively.
From this an average heat-transfer coefficient, h is determined. The Nusselt
number is determined from a standard correlation for turbulent convective
heat transfer to a vertical surface [26]

Nu, = 0.13(Gr,Pr)*/3 (5)

where Gr, is the Grashof number of the flow, and Pr is the Prandtl number
of the gas, Pr = v,/ay,. This correlation pertains to a flat, vertically oriented

surface heated solely by convection heat transfer. With the Grashof number
defined as

_ ngAT
Vng

(6)

where AT =Ty — T\, equations 3-5 can be combined to yield the expression

Iy

m 12
B= 1 -
exp <pga90.13[gAT/ygang]1/3) (7)

which can be used to calculate a B-number from experimental measurements.
The flame temperature, T and relevant gas-phase properties are assumed to
be approximately constant. Note that this expression for the B-number is
dependent only on properties of the gas phase and the mass-loss rate; no fuel
properties appear. The equation therefore becomes sensitive to measure-
ments of mass-loss rate and burning surface area, incorporated in the term
my". This approach is useful for experiments in which turbulent convective
heat transfer dominates radiative feedback, as is estimated to occur in the



present experiments. Radiation, while not dominant in the present experi-
ments does grow throughout the test duration, and therefore it does affect
the measured value of m’Ji to some extent at later stages. In the approach
adopted here, this radiation effect is thus incorporated into an experimental
effective B number, to be used with the convective heat-transfer correlation
to describe the fire behavior. The absence of the length X, in equation 7
is a special characteristic of natural convective heat transfer to vertical sur-
faces being dominant in the experiments. If radiation were dominant and
convection negligible, then a different approach would be appropriate.

4. General Evolution of the Combustion

Figures 1 and 2 show a theoretical picture of the burning observed in a
standard warehouse commodity. Figure 3 shows an illustrative representation
of the burning behavior through these theoretical stages. The heat flux to
unignited material from the fire plume that extends upward over the distance
(X s —X,) is responsible for the rapid upward spread of the flame. In figures
1 and 2 the length of the fire plume, (X;—X,) is a function of the B-number
and pyrolysis height [27].

During the early stages of the fire (figure 1), the flame is small, and the
burning rate is a function only of the material properties of the corrugated
board. This will be described as stage I of burning for a standard warehouse
commodity. Heat flux from combustion pyrolyzes the board and packing
material, releasing gaseous fuel adjacent to the combustion surface. Some of
this fuel burns in the boundary layer in front of the fuel surface, but some
is carried above its originating height and burns above, creating much larger
flames. This fuel carried above its originating surface has been called excess
pyrolyzate [14]. The pyrolysis height increases with time in the early stage
represented by figure 1. In the second diagram of figures 1 and throughout
the conditions of figure 2 it has reached the top of the commodity. This
initial period is indicated in figure 3 as stage I.

Heat flux via in-depth conduction through the corrugated board can py-
rolyze the packing material and commodity, releasing combustible vapors.
As the outer corrugated board layers break down, these combustible vapors
diffuse through the remaining board, enhancing the flame spread rate. At
this stage, the B-number is a function of the material properties of the corru-
gated board as well as the pyrolysis vapor from the heated commodity that
penetrates the corrugated board. As time advances, the corrugated board
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Figure 1: (Left) Flame propagation up the surface a warehouse commodity during the
early stages of fire, where the flame height is below the height of the commodity. (Right)
Flame height reaches above the height of the commodity. Both images are representative
of Stage I burning of a standard plastic warehouse commodity.
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Figure 2: Turbulent upward flame propagation at later stages of the fire, where the com-
modity within the box either burns from within the box (left) or has spilled out into a
pool fire (right). The commodity is now in stage III of burning where plastic dominates

the burning rate.

10



(K
(¥%
(¥R

] ] ] e
] ] s s
] ] e e
D] ] e i
] ] ] e
] ] ] e
] ] ] ]
] ] e ] s
] ] ] ]
] ] ]
] i ] s

A
A
[
[
[

(/Lg/

¢
| )

Stage 1 Stage 11 Stage 111

Figure 3: Side-view of the representative stages of burning for a Group A plastic commod-
ity. Stage I on the far left consists only of upward flame spread along the outer corrugated
cardboard face with no involvement of the inner packing commodity. Stage II in the center
is the plateau region, where the inner packing material has mostly burnt away, starting to
smolder and polystyrene is being heated before ignition resulting in a shorter fire plume.
Stage III on the far right involves combustion of polystyrene and remaining cardboard
from within the commodity.
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can disintegrate, thereby exposing the commodity inside to direct flame im-
pingement.

After the outer covering and inner packaging burn off, they smolder sig-
nificantly slowing the burning rate as the inner plastic product heats toward
its ignition temperature. This is described as stage II of burning, illustrated
in figure 3. The plastic product (depending on its material properties) can
then burn from inside or spill out as solid chunks or a viscous liquid pool
once it reaches its ignition temperature, as illustrated in figure 2. At this
later stage, the B-number is a function of the material properties of the cor-
rugated cardboard, the commodity pyrolysis vapor (diffusing outward) and
the commodity and packing material that have either spilled out or are burn-
ing within. This is referred to as stage III of burning for a standard plastic
warehouse commodity, illustrated in figure 3.

5. Experimental Setup, Instrumentation and Procedure

The package tested was a single-walled corrugated cardboard carton of
dimensions 530 x 530 x 510 mm that was compartmentalized by corru-
gated cardboard dividers with 125 basic products (in this case polystyrene
cups) distributed within as seen in figure 4. The 6.25 kg package was 62%
polystyrene and 38% corrugated cardboard by weight. The front face was
made of approximately 3 mm thick single-ply corrugated cardboard with its
flues oriented vertically. The package was wrapped in Kaowool insulating
boards approximately 0.65 cm thick on all except one vertical side, on which
measurements were taken. This arrangement, limiting the burning of the
box, allows for a closer investigation of the fundamental physics governing
the combustion of the plastic commodity.

The package was placed on top of a Setra, Super II load cell that measured
the mass of the plastic commodity with an accuracy of £0.5 g. Figure 5 shows
the experimental setup and instrumentation configuration. Inside the box 3
Type-K Chromel-Alumel thermocouples were installed inside five cells on the
front face of the box. One set of thermocouples was placed on the front face
of the corrugated cardboard to track the progression of the pyrolysis, one set
was placed in the direct center of the cup to measure the temperature within
the cup - nominally indicating the moment at which the cup ignites, and one
set was hung to the side of a cup in the air space between the cup and cell
wall - nominally indicating the cell’s mean bulk temperature.
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Figure 4: A Group A plastic commodity with half of its outer corrugated cardboard
covering removed (left) [28] and with all but the front face insulated for experimentation
(right).
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Figure 5: The experimental setup used to conduct tests on a standard Group A plastic
commodity.
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A Canon digital SLR camera was mounted on the side of the test appa-
ratus to capture flame standoff distance. Time-stamped digital images were
taken every five seconds, starting with ignition of the commodity. A Sony HD
digital camcorder recording at 29.97 fps was positioned in front of the test
apparatus to record flame heights and to visually compare the progression of
the pyrolysis front.

Nine thin-skin calorimeters were mounted on a 1.3 cm thick, vertically
oriented glass fiber board located above—and flush to the front face of the
test commodity. This configuration allows for spatial measurements of the
combined radiative and convective heat flux that the combusting plume of
excess pyrolyzate will exert on stored commodities at higher elevation.

The setup was placed under a 1 MW hood to capture burning fumes and
embers. Ignition was achieved by adding 4 mL of n-heptane to a strip of
glass fiber board approximately 1 cm tall, 0.35 m wide by 3 mm in depth.
The wetted wick igniter was held by an aluminum u-channel that was po-
sitioned adjacent to and below the lower front edge of the commodity. A
National Instruments data acquisition card was used to record temperatures
using Labview from thermocouples and thin-skin calorimeters. The video
cameras and data acquisition program were started before ignition of the
commodity. The data acquisition system and camcorders were synchronized
with a stopwatch used to determine the offset between instrument start time
and ignition start time. Experimental time begins when the strip is piloted
at the centerline of the commodity’s front face.

Due to safety concerns and to ensure instrumentation longevity, no tests
were permitted to run past a point where material spillage occurs, as in figure
2. Once laboratory personnel decided this point was reached, a water spray
was applied to extinguish flames.

6. Description of Fire History

Four tests were conducted, providing data on the mass-loss rate, heat
flux, pyrolysis height, and flame height. Qualitative similarities between four
conducted tests have produced a phenomenological description of the burning
behavior of a standard plastic commodity. Selected frames from the camera
placed in front of the burning commodity are shown for each of the three
representative stages of burning in figure 6. Tests 2-4 were permitted to burn
through all three stages, but test 1 was extinguished prematurely as extra
caution was exercised in the first test. Three distinct stages of burning of the

14



Stage | Stage 11 Stage 111

Figure 6: Representative test timeline: (a) 30 seconds, front layer pyrolyzing and time-
dependent laminar burning along face, (b) 92 seconds, front face cells are exposed and
burning, (c) 100 seconds, smoldering front face, second layer of cells being heated and
polystyrene cups deforming, (d) 132 seconds, all cups in the first layer ignited and burning,
(e) 150 seconds, second layer of cells also burning.

commodity can be identified from the observations, as illustrated graphically
in figure 3.

Ignition of the corrugated cardboard containing a commodity may occur
by piloted ignition with a wick, such as in the present experiments, or by
radiant heating, as often occurs in the case of aisle-jumping in large-scale
rack-storage configurations. The outer face of the commodity tested is made
of two-layer corrugated cardboard. On the face where ignition occurs, the
first layer will ignite and burn, eventually peeling away and igniting the
second layer of corrugated cardboard, which will then experience a similar
combustion process. The fire at this first stage is comparable to that of a
single-ply sheet of corrugated cardboard burning upright. The arrangement
of the commodity within the box has not yet influenced the burning. Figure
3 indicates that the stored plastic product is not yet involved in the burning.
In a small percentage of commodities tested the polystyrene was observed to
melt onto the second layer of corrugated cardboard which delays this layer
from peeling away, reducing the initial burning rate.

For this typical commodity, the contents of the boxes burn sequentially
as individual cells. Each cell is contained by corrugated cardboard on six
sides with a polystyrene cup in the center as indicated in figure 3. While
the front face of corrugated cardboard is burning, the first layer of cells be-
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gins to be heated, and the corrugated cardboard within the cells close to the
front face begins to pyrolyze. As soon as the corrugated cardboard front face
peels away, oxygen can reach the smoldering corrugated cardboard in the
cell, causing it to ignite quickly. Adjacent cells heat one another, and in this
manner the entire front layer of cells ignites, although the polystyrene is not
yet affected very much. Once the flaming combustion of corrugated card-
board within each cell in the first layer nearly ceases the commodity reaches
the plateau stage of burning, shown in figures 6 and 3 labeled as stage II.
During this plateau region cardboard smolders and cups absorb heat and
are deformed until reaching the ignition temperature of polystyrene. Once
the polystyrene reaches this temperature it ignites and begins to melt vig-
orously. The period of burning of the polystyrene cups is labeled in figure 6
and 3 as stage III. The melting and dripping of the polystyrene cups after
their ignition, and the associated increased rate of heat flux from combus-
tion of volatile polystyrene causes the second layer of cells to ignite and to
repeat the process. As further layers of cells ignite, they add to a “wall” of
flame formed by the dripping polystyrene and charred cardboard that moves
inwards sequentially through layers of cells in the package.

7. Quantitative Results

Measurements of the mass lost over time are shown in figure 7. Transitions
between stages that are indicated in the figure were deduced with the help of
the data from the thermocouples that were suspended within cardboard cells
and polystyrene cups. Air currents resulting from the turbulent combustion
process create fluctuations in the mass-loss readings on the order of 1-3
grams. These small fluctuations, which are not representative of the actual
mass loss, are smoothed over by applying polynomial fits to mass-loss data,
resulting in the curves that are shown in figure 7 along with the raw data.
In all cases fits with polynomials of different values were tried, and the order
was selected that best reproduced all data, as judged by subjective visuals
observations of the fits. Regardless of the selection, results produced were
quite similar. Tests 1 and 2 were fit with 7th and 10th order polynomials,
respectively. A ten-second section of test 2 in stage 111 was neglected because
a piece of cardboard fell off the test sample then back onto the load cell, and
all of stage II in test 4 was neglected because of behavior inconsistent with
all other tests, probably because of large air-current fluctuations during this
irregular burning period causing erratic load-cell readings. The first portion
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Figure 7: Mass lost from the commodity as a function of time, measured by a load cell at
the base of the commodity. Polynomials are fit to the mass-loss measurements to smooth
2-3g fluctuations caused by air currents, but the smoothed data still captures the mixed
commodity burning behavior. Relative stages of burning are indicated in the figure, with
vertical lines denoting transitions between stages. The time line for each test was shifted
so that the transition between stages IT and III occurred at 138 seconds!. The deviations
in time for the transition between stage I and II for the four different tests is indicated by
the vertical gray band between those stages.

of tests 3 and 4 shown in figure 7 were fit with a 5th order polynomial, and
3rd and 7th order polynomials were used to fit the last portion of tests 3 and
4, respectively. The transition between stages I and II, chosen as the point
where inner packing material starts to burn and upward flame spread has
reached the top of the front face of the package, or is close to the top, occurs
around 77 seconds for three of the four tests. The inclusion of test 4, which
displays an earlier transition between stages I and II, is useful for indicating
the range of deviations that may occasionally occur in complex tests such as
these; the dips in the curve in this run are associated with burning material
becoming detached then landing on the scale.

The mass-loss rate was calculated from the derivatives of polynomial fits
of recorded mass lost over time. Fluctuations in the mass-loss rate occur be-
cause of both time-dependent changes in the material burning and changes
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Figure 8: Mass-loss rates, calculated from the derivative of polynomial fits to the mass-lost
data. Relative stages of burning are indicated in the figure as described in the caption of

figure 7.

in the mixture of constituents burning throughout the box over time, and the
error is estimated to be on the order of £0.05 g/s. The mass-loss rate shown
in figure 8 steadily increases during most of stage I as the flame front pro-
gresses over the front face. The mass-loss rate then slows and tends to reach
a plateau at the beginning of or during stage II while corrugated cardboard
packing material burns and polystyrene melts and gasifies. The mass-loss
rate then typically decreases as all remaining corrugated cardboard burns
out. Once polystyrene reaches its ignition temperature at the beginning of
stage I1I, the mass-loss rate sharply increases, until water spray is applied to
extinguish the flames.

The heat flux to a vertically oriented surface above the tested commodity,
measured by thin-skin calorimeters, is shown in figure 9. The heat flux was
determined by applying a 7-point moving average to temperature histories

'Because of the variability of the ignition procedure and the irregularity of the initial
small flames, it was difficult to define exactly when the ignition occurred, but this was
estimated to occur at 28s, 0s, 6s, and 1s for tests 1, 2, 3, and 4, respectively, in figure 7.
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of the sensor element of the thin-skin calorimeters measured at 10 Hz. This
serves to smooth the data while still giving a time resolution better than 1
second, much finer than that of the load cell and meaningful because this
is nearly a point measurement, rather than being integrated over the entire
volume of the fire. A finite-difference formula was applied to this data to de-
termine its derivative. The heat flux was calculated accounting for radiative,
convective, and storage losses using a method outlined by ASTM E 459-97
[29]. The heat fluxes displayed in figure 9 represent a combined radiative and
convective heat flux at this higher elevation. They are not equatable to the
heat flux directly in front of the commodity, but they can be used for anal-
ysis of upward spread rates. These heat fluxes sharply increase toward the
end of stage I of burning, unlike the mass-loss rate which steadily increases
throughout the first part of stage I. The high peak heat flux observed after
approximately 1 minute of burning is likely to contribute to the rapid upward
flame spread rates seen in large warehouse fires. The heat flux then steadily
declines throughout the burning- rate plateau of stage II, and it increases
again with the involvement of polystyrene in stage I1I.

Ranges of flame heights, determined from high-definition camcorder record-
ings of images of the front of the commodity are shown in figure 10. Images
were first imported into ImagelJ [30], converted into gray scale, and passed
through a 3 x 3 Sobel edge-detection algorithm provided with the software.
Traces of the edge of the observed yellow flame were confirmed visually, and
the highest points of attached flames selected from the peak of the traces
were to define the maximum flame height. An alternative method of de-
termining flame heights, thresholding, was also applied to the data but was
found to decrease the accuracy of measurements for a number of reasons.
Flame brightness grew considerably throughout the test, requiring repeated
changes in the exposure level of the lens in order to observe the flame for
the entire duration. In contrast to other work [31, 32], a constant thresh-
old was therefore not appropriate, and despite efforts to develop a method
that subtracted background noise and adjust threshold levels with ambient
brightness, it was not possible to compensate for background changes, such
as soot deposition on the inert wall above the setup, throughout the test du-
ration. Highlighting jumps in intensities between adjacent pixels, i.e. edge
detection, was found to be more appropriate for this series of tests, coupled
with visual confirmation that the highlighted region was in fact the attached
yellow flame. Analysis of some tests with a constant threshold of 0.6 (with
0 representing black and 1 white) did reveal a trend similar to the heights
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Figure 9: The heat flux measured by a vertically oriented thin-skin calorimeter approxi-
mately 3 cm directly above the top center of the face of the tested commodity, representing
a combined convective plus radiative heat flux exerted on commodities at higher eleva-

tions. Relative stages of burning are indicated in the figure, as described in the caption of
figure 7.
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presented in figure 10, and all such results are encased within the gray error
bands.

As flame heights fluctuate widely during turbulent combustion, the range
of observed maximum flame heights are indicated in figure 10 by a gray band,
and a smoothed average of values is indicated by a solid line in the center
of the shaded region. It is possible to repeat a similar procedure across
the width of the flame front during stage I, calculating the average value of
the maximum flame height across the width during a particular time step.
This resulting average flame height is perhaps more representative of the
combusting plume region (X;— X)) than the maximum flame height because
it represents the average area of virgin material heated by the flame, rather
than just a maximum height which represents some decaying heat flux to the
fuel surface. This average flame height has been calculated during early stage
I combustion in these tests, and approximately rests along the minimum
of the gray error band. As expected, the average flame height across the
front face is lower than the maximum flame height, although preliminary
results indicate the flame height also increases at a slower rate than does the
maximum flame height.

The location of the pyrolysis front was also determined from video footage,
defined as the location where brown corrugated cardboard blackens due to
charring. The average location of this front, determined from averaging the
maximum front position visually across the front face was used to determine
the front location. The pyrolysis height may alternatively be derived from
temperature readings of thermocouples mounted along a column of cells in
the front face of the commodity. Recorded thermocouple temperatures of
380°C, the ignition temperature of cellulose reported in literature [33], were
chosen to mark the locations of the pyrolysis front. Approach to a temper-
ature plateau in thermocouple data is an alternative criterion, but this was
found to occur within 5°C of 380 °C. At any given time, the resulting heights
from the thermocouple measurements were only about half those obtained
from video footage. These deviations between thermocouple data and vi-
sual observations of charring suggest there were delays between the pyrolysis
front reaching the thermocouple location and subsequent heating, potentially
caused by gaps between the solid fuel and thermocouples or significant heat
loss by conduction along the thermocouple wires. Therefore, video data was
thought to provide the most reliable source of pyrolysis height data, pre-
sented in figure 10. Gray bands are used to indicate experimental spread
between tests.
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Figure 10: Ranges of maximum flame (X ;) and average pyrolysis (X,,) heights from four
tests, with gray bands between the curves indicating experimental scatter, in that all
experimental points (symbols) lie within the gray bands. The line in the middle of the
band is the average of all of the data points. Relative stages of burning are indicated
in the figure, with vertical lines denoting transitions between stages, as described in the
caption of figure 7.
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In figure 10, the pyrolysis height pertains only to stage I because at the
end of that stage, the pyrolysis front has reached the top of the package. The
flame heights, however exhibit the same three stages as the mass-loss rate
and heat flux shown in figures 8 and 9. Flame heights rapidly increase during
initial burning, reflecting the high fire hazard of outer corrugated cardboard
covering. They then taper off as the cardboard begins to smolder. The
decrease in flame heights corresponds to smoldering of packing material and
to a decrease in the excess pyrolyzate burning above the tested commodity. A
steady increase in flame height is observed once volatile polystyrene reaches
its ignition temperature and dominates the burning process in stage II1. The
fact that the burning is more vigorous in stage III than in stage I, due to
the involvement of more fuel, reflected in the higher mass-loss rate in stage
IIT seen in figure 8, increases the excess pyrolyzate and causes more of the
heat release to occur at higher elevations, moving the flames away from the
thin-skin gauges, thereby tending to decrease their readings, as seen in figure
9. A more detailed presentation of collected data, including thermocouple
traces is available in a reference [34].

8. Extraction of B-number Values

Equation 7 was used to determine a B-number as a function of time using
the experimentally determined mass-loss rates shown in figure 8. Recently,
time-dependent B-numbers were addressed by Pizzo et al. [24] for laminar up-
ward flame spread over small polymethyl methacrylate slabs. In the present
work, larger fluctuations are experienced due to turbulence, the mixed nature
of the commodity and its more complex geometry. In calculating B, the val-
ues [25] p, =0.50 kg/m?, oy = 9.8 x107° m?/s and v, = 6.8 x 107> m?/s were
used. A mean gas temperature, T, for use in the calculation was found by
averaging the temperature of ambient gas, T,, = 20°C and an approximate
flame temperature for cellulosic materials, 7y = 800°C [23, 35].

The area of burning during stage I was calculated from visual video mea-
surements of the blackened pyrolysis region on the front face. Video measure-
ments of the blackened pyrolysis front across the width of the front face were
taken to determine the area burning throughout the first stage. A second-
order polynomial was found to fit well with the area measured in the video
for each test, for the purpose of calculating m’jﬁ in equation 7 for stage I.
This area increases steadily over time, reaching a maximum value between
54 to 77 seconds (the end of stage I for the respective test). A constant
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Figure 11: Time-dependent B-numbers calculated from the mass-loss rate using equation
7. The B-numbers in stage I were calculated using a varying area of burning, while the
area was taken constant in stages I and III. Relative stages of burning are indicated in the
figure, with vertical lines denoting transitions between stages, as described in the caption

of figure 7.

area equal to the total area of the front face of the package was assumed
for calculating m’; during stages II and III. During stages II and III there
are variations in the exposed burning surface areas of the packing material
and of the commodity, but these areas cannot be estimated well, and on the
average the total burning surface area in these stages is approximately the
total front-face area. Because the initial burning area cannot be determined
in stages II and III, uncertainties in B at any given time on the order of a
factor of two must be accepted so that the resulting time dependence of B
is at best qualitatively indicative of its variations during these later stages.
The first 15-20 seconds of all measurements are neglected to remove effects
of the ignition source. The resulting time-dependent B-numbers of the four
tests are shown in figure 11, in which the most reliable time dependencies
pertain to stage I.

With these procedures, in stages II and III the calculated variations of
B are proportional to the variations of the mass-loss rate seen in figure 8.
In stage I, however, the increasing area causes the variations in B to exceed

24



those of the mass-loss rate. Comparisons of figures 8 and 11 shows that
the result is that the values of B tend to vary over roughly the same range
in all three stages, while the mass-loss rate is clearly much smaller during
the early part of stage I than during the later stages. While significant
deviations in the time-dependent B-number exist, just as for the mass-loss
rate, the subsequent average values of B for each stage vary much less, as
can be inferred from figure 11.

The time-dependent B-number in stage I reaches a peak toward the end
of the stage as the pyrolysis front accelerates upward, consistent with the
increasing heat flux from the flame, shown in figure 9. The B-number then
decreases as the cardboard smolders in stage II, where the pyrolysis front has
reached the top of the front face, reducing the amount of excess pyrolyzate
and thus the applied heat flux. In some cases this is different from the mass-
loss rate in figure 8 for stage I, where it is seen that for test 3 the mass-loss rate
nearly constantly increases throughout stage I and into stage II, underscoring
the general variability of the fire development. Stage III presents even more
varied behavior as the ignition of polystyrene cups in each test occurs in a
different pattern, but all show very steep increases in the B-number, just as
in the mass-loss rate. Stage III introduces additional uncertainties associated
with using a constant area of burning because polystyrene melts and drips,
increasing its burning surface area, and it is difficult to accurately determine
the processes involved during such a dynamic stage.

Rangwala et al. [27] found that an experimentally determined B-number
changes over time for a material, and they suggested a method of averaging
the B-number over time. Applying their method, a time-averaged B-number
for each of three stages was found by time-averaging the mass-loss rate per
unit area in each stage, and using this value to calculate an average B-
number of the stage. Values of B averaged for each relative stage of burning,
reflecting the average burning rate for that stage are given in table 2. While
a number of other averaging methods can be defined, such as averaging di-
rectly over time in figure 11, the results are not substantially different. These
B-numbers do no more than reflect relative burning rates and include sub-
stantial simplifications, especially in stages II and III via a constant burning
area assumption, that means they should not be used for more than relative
comparison. In fact, within the error limits of the B-number calculation the
values are the same in stages I and III.

Average burning rates, 14,4 in table 2 were determined by averaging
mass-loss rates from figure 8 for each stage, and taking the average of these
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Summary of Stages

Outer layer of commodity is ignited, By 1.8
Stage I producing rapid upward turbulent flame 1M ¢ avg 0.83 g/s
spread over the front face of a commodity. | Xy e 0.51 m
B is independent of polystyrene. Gfavg | 1.2 kW/m?
Front layer of corrugated cardboard has B 1.4
Stage II burned to top, exposing inner region, Mt a0g 1.7 g/s
which burns and then smolders. Xfmaz 0.48 m
Polystyrene does not burn because of its Qfavg | 0.38 kKW/m?
higher ignition temperature. B,yg 1.9
Stage III ‘Polystyrene. ignites and a rapid increase Mt avg 2.2 g/s
in the burning rate occurs. X maz 0.65 m
q'f,(wg 2.4 kW/m2

Table 2: Summary of burning behavior over 3 representative stages for a standard plastic
commodity. Note that values are taken as either the indicated maximum or average in the
denoted region for each test, and then averaged for all four tests. The average and peak
heat fluxes given here were measured by a thin-skin calorimeter 3cm directly above the
test commodity, indicating the heat flux applied to material directly above the commodity.

values for all four tests. The mass-loss rates, independent of burning area,
increase from stages I-I1I, growing as the amount of material burning in-
creases, and in stage III they increase as volatile polystyrene becomes the
primary material burning.

The B-number for stage I is markedly higher than it would have been if it
were calculated using a non-varying area, because the small area of burning
during the initial stages of upward spread dramatically increases the value
in that calculation, shown in figure 11. The average B-number of each stage
of burning is influenced by the mixture of constituent materials involved in
combustion during that stage. In stage I, the burning rate is solely dependent
on corrugated cardboard combustion, resulting in a B-number of 1.8. If it is
assumed that the area of burning in stages II and III is the front face of the
commodity, reasonable for comparison because this is the area exposed during
a warehouse fire, the B-number decreases to 1.4 for stage II. In stage II, this
sensible decrease occurs due to smoldering of burnt material and heating of
polystyrene. The B-number for stage III, 1.9 cannot be differentiated from
that of stage I within experimental error, even though it is influenced by the
combustion of polystyrene and cardboard together. What can be inferred

26



from this data, within reasonable experimental error is that the intensity of
burning between stages I and III may be similar, but because stage III has
a much larger burning surface area that steadily burns for a long period of
time stage III is considerably more hazardous than stage I in terms of overall
burning rate and flame heat flux.

Maximum flame heights observed from the videos were averaged from
all four tests to give the values of X ,,, for each stage listed in table 2.
The highest flame heights were observed during stage III, where volatile
polystyrene burns at the highest B-number, producing additional excess py-
rolyzate lifting the flames higher above the test apparatus. The flame height
is noticeably shorter in Stage II, on average, because the smoldering of card-
board packing material slows down the burning process. Maximum flame
heights observed in test I as flames accelerate up the face are greater than
those observed in stage I, although earlier in stage I flame heights are smaller.

Peak heat fluxes above the commodity for each stage, averaged from all
four tests, achieve their highest values in stages I and III, similar to the
flame heights as seen in table 2. Heat fluxes above the commodity peak
substantially higher in stage III than in stage I, double the value, and are
significantly lower in stage II than in stage I, one third the value. These sharp
deviations occur because smaller increases in the burning rate significantly
increase the amount of excess pyrolyzate burning above the front face of the
commodity, thereby increasing the rate of heat release and thus heat flux to
think-skin calorimeters mounted above the commodity.

9. Discussion of Results

The “practical,” experimentally measured average values of B given in
table 2 can be compared to theoretically calculated thermodynamic values for
both corrugated cardboard and polystyrene by using equation 1 and assuming
x and @ equal zero [15] to obtain an ideal value, assuming there are no
losses. Annamalai and Sibulkin [33] report values of heats of combustion
and heats of vaporization which when used provide B-numbers of 6.4 and
1.6 for cellulose and polystyrene, respectively. The value for cellulose is,
however, not representative of practical cellulosic materials; it is much too
high because the heat of gasification is too low. Tewarson [36] reports a heat
of gasification for corrugated cardboard, which results in B = 1.1 instead,
a more reasonable value. The calculated ideal value of 1.6 for polystyrene
is consistent with results obtained from other literature [36, 37]. It may be
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concluded that the thermodynamic values of B for these two materials do not
differ greatly, both lying between 1 and 2, with the values for polystyrene
somewhat higher than the other. The values in table 2 are also in this
range, although slightly higher in stages I and III. The difference between
the thermodynamic and experimental values is hard to distinguish because
of experimental error, but their similar magnitudes suggest that the present
results are reasonable. More accurate experimental measurements should
reflect real-world heat-transfer processes, notably radiative feedback, which
can cause () to be negative in equation 1.

The determination of a B-number of mixed materials would be a useful
step toward characterizing the flammability of mixed materials, with poten-
tial future applications for warehouse commodity classification. A theoreti-
cal exercise can be performed to demonstrate this possibility, though errors
preclude use of the result, at least at present. The B-number of stage III
would be expected to be some combination of corrugated cardboard and
polystyrene, creating a “composite” B-number for the stage. One approach
would be to combine the influence of material constituents by weight per-
cent. Combining the B-numbers of corrugated cardboard and polystyrene by
weight percent results in a composite B of 1.4 if thermodynamic values are
used (1.1 for corrugated cardboard and 1.6 for polystyrene). In obtaining this
result, the product mass percent was calculated from the total weight of the
Group A commodity, 2.38 kg corrugated cardboard and 3.88 kg polystyrene.
Another possible combination could be weighted by the exposed burning sur-
face area, which results in a combined thermodynamic B-number of 1.2 when
the exposed surface area is defined as the area exposed in the first layer of
cells, not including the front face which burned away, so the area of exposed
polystyrene is taken to be 0.296 m?, and corrugated cardboard 0.944 m?.
Both of these estimates produce values of B lower than the experimentally
measured value for stage III, although the result is well within error bounds.
The value of B for corrugated cardboard measured experimentally is the
same as the theoretical value for polystyrene, within experimental error, so
any combination using this value and the thermodynamic value of B for
polystyrene would be the same, and thus it is inconclusive for testing how
best to estimate a value for mixed materials.

While the “predicted” values of B in table 2 lie between 1 and 2, fluc-
tuations in values between 0 and 5 are seen to occur in figure 11. Only by
averaging over these large fluctuations can values be obtained that are po-
tentially useful for commodity classification. The relatively small range of
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the averaged values suggest the possibility of selecting values representative
of mixed materials that can be helpful in hazard assessment. Qualitative re-
sults from these experiments suggest an approach to determining such values
may be accomplished by separate tests of combined materials, i.e. corrugated
cardboard alone for stage I and cardboard and polystyrene together for stage
II1. Experiments in such a configuration may prove insightful, provided the
geometry is simple enough to allow similar behavior over a large number of
tests.

The determination of a B-number of mixed materials has potential for
use particularly in warehouse commodity classification, serving as a measure
of the mixed material’s thermodynamic driving force, or relative intensity
of burning. Experiments have shown distinctively separate behavior in each
stage of burning, although errors in this complex test setup have hindered
the potential drawing of useful conclusions. Still, if a methodology is ac-
complished that can determine such a parameter to within acceptable error
bounds, this thermodynamic driving force can be used to estimate the ther-
mal loading of a potential fire, and thus be used to rank commodities against
one another and assist in the design of suppression measures.

It is to be noted that this test setup presents many obstacles to determine
an accurate B-number. The surface is wide which allows horizontal flame
spread as well as buoyancy-induced vertical spread. Deviations in the front
face of corrugated cardboard as well as varying influences of materials within
the commodity during upward flame spread present many difficulties in this
test setup. Careful observations of the test results must be conducted in order
to reject regions of non-upward flame spread during this test, as well as other
deviations such as chunks of material falling off the test stand. Despite the
difficulties of this test setup, it has yielded relevant information on general fire
behavior, ranges of values of B to be expected and on the incremental stages
of burning which occur within the commodity. More accurate smaller-scale
tests should be conducted as research continues.

10. Conclusion

This work has provided preliminary data on a new method to experi-
mentally measure B-numbers of a mixed material configuration. Small-scale
tests performed on a Group A plastic commodity were used to calculate
time-dependent as well as time-averaged values of the B-number for each
of the three distinct stages of burning that were found in the present tests.
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Because a Group A plastic commodity is mixed, consisting of plastic and
corrugated cardboard products, each of the three stages is dominated by a
different combination of constituent materials. Significant hazards known to
occur in warehouses due to upward flame spread have been addressed here,
with measurements of heat fluxes, observations of rapidly increasing flame
heights, and calculations of larger B-numbers immediately after ignition of
the commodity and during the combustion of the plastic product. During an
intermediate stage a decrease in the burning rate is observed as transition
to the plastic burning process begins. The experimental B-numbers reported
here contain inaccuracies, and although the results experimentally incorpo-
rate more physical processes than analytically determined thermodynamic
B-numbers, the final values are not very different, within experimental error.
Use of this approach to assess the flammability of mixed materials will re-
quire additional work that includes some large-scale testing and smaller scale
experimentation over a large number of samples, so that average behavior
can be assessed.
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