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ABSTRACT

A simple analytical model is developed for fire growth of thermally-thin corrugated paperboard in a
parallel panel configuration that simulates the vertical flues between stored commodities in a rack storage
arrangement. It is based on a semi-empirical model for radiation-dominated flame heat transfer to panels in
terms of: (1) fuel flame sootiness, (2) fire heat release rates, and (3) panel width to separation aspect ratios.
The model input properties include: heat of combustion, minimum heat of gasification, yield of smoke, and
critical heat flux obtained from the fire propagation apparatus. The effect of moisture on fire growth rate is
incorporated in the model. The predictions of the model are compared with experimental data on the rate of
chemical heat release measured for the upward fire growth of vertical corrugated paperboard samples
(0.305 m x 2.4 m) placed opposite one another in a parallel panel configuration (0.153 m apart). The model
predictions of exponential fire growth time constant agree reasonably well with the experimentally
determined values. Because of an enhanced role of convective heat transfer for parallel panels with 0.153 m
separation distance, an adjustment of radiation constant 5; was needed for reasonable prediction of fire
growth time constant. For a fixed geometry, the model prediction of fire growth time constant depends on
the material properties and moisture content.
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NOMENCLATURE LISTING

Co specific heat of dry corrugated paper (kJ/kg-K) do surface heat loss rate (kW/m?)
Cow specific heat of water (kJ/kg-K) Ty boiling point of water (K)

AH, effective heat of combustion (kJ/g) Tig surface ignition temperature (K)
AH heat of gasification (kJ/g) To ambient temperature (K)

d separation distance of panels (m) w width of each panel (m)

ly pyrolysis length (m) Y fuel smoke yield (g/g)

& flame length (m) Yq gas equivalent smoke yield (g/g)
L, heat of vaporization of water (kJ/kg) Greek

m” mass of dry corrugated per unit area (kg/m?) a = d/w, aspect ratio (-)

m,, fractional added mass of water in the sample (-) b1 radiation constant (-)

q Elil\i\rlrl]rlr?)l heat release rate per unit volume £, heat loss constant (-)

Ao chemical heat release rate (kW/m?) o Stephan-Boltzmann (kW/m?K?)
df flame heat flux (kW/m?) S Cilw()

Ger critical heat flux for ignition (kW/m?) Tig ignition time (s)

Fsw_sw View factor between side wall to side wall g fire growth time constant (s)

INTRODUCTION

Fires often spread very rapidly up vertical surfaces presenting one of the most hazardous fire scenarios of
fire protection engineering. The rapidity of the fire growth is due to co-flowing flame gases directly heating
unburned fuel elements and bringing them rapidly to ignition adding more fuel to the fire. The fire growth
may also become exceedingly challenging depending on the geometric arrangement of the materials. For
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example, warehouse commaodities are typically stored in corrugated paperboard containers arranged in rack
configuration. As a result, they form flue spaces between containers, simulating a parallel panel
configuration, where the upward fire growth generally increases exponentially in time, creating a hazardous
fire situation with potential consequences for fire growth to the adjacent commodities. The rate of fire
growth thus significantly impacts the fire protection requirements. Also, depending on the time of the year,
the absorption/drying of moisture in ambient air by the hygroscopic corrugated paperboard material is an
important factor in its fire growth behavior, which can make the difference between controlling and not
controlling a fire with a given sprinkler system.

There are several models [1-7] for upward fire spread over thermally-thick and thin materials burning as a
single surface. Each of these models predicts exponentially growing fire intensity while presuming, of
course, that the fuel is sufficiently large and capable of supporting self-sustaining fire spread. Alpert [8]
showed that both point ignition sources as well as line sources produce exponentially growing fires
spreading over vertical panels of PMMA. Karlsson [9] developed a general model for upward fire spread
predicting the extent of fire propagation over thermally-thick materials that are not fully capable of self-
sustained fire spread. Heskestad [10] developed a well known set of characteristic t-squared fire growth
curves for various fires spreading horizontally with heat release rates growing with the square of time. The
curves are for crib fires and warehouse storage and other such similar situations after the fire has reached
the top of the fuel array. Finally, Khan et al. [11] evaluated flame propagation over large-scale thin
polymeric non-melting skylight materials based on measurements, in a small-scale apparatus, of ignition
time, burning duration and heat release rate. None of the above models apply an independent model for the
flame heat transfer. Also none apply to the more hazardous parallel panel situation.

FM Global’s current CFD fire modeling effort addresses the problem of large-scale fires in complex
geometries, such as rack storage fires with the objective of reducing the number of large-scale tests needed
to develop fire protection requirements [12]. As a first step toward achieving that goal, an intermediate-
scale Parallel Panel Apparatus [13] was used to test single wall corrugated paperboard samples mounted on
two 0.6 m wide and 2.4 m high panels (separation between panels is 0.305 m) with a 60 kW sand burner at
the bottom of the panels. It was shown that the CFD simulation results are in general quantitative
agreement with the experimental data for heat release rate, heat fluxes and temperatures of the solid fuel
surfaces [14]. Material properties required by the pyrolysis model are extracted using the same model and a
specially developed optimization technique to fit the experimental data obtained using the fire propagation
apparatus (ASTM E2058, FPA) [15].

In the present study, we develop a simple analytical model for fire growth over thermally-thin corrugated
paperboard in a parallel panel configuration that simulates the vertical flues between stored commodities in
a rack storage arrangement. The model is based on a semi-empirical treatment for radiation dominated
flame heat transfer to panels characterized by: (1) fuels in terms of their flame sootiness, (2) fire heat
release rates, and (3) panel width to separation aspect ratios [16]. The properties of the various corrugated
paperboards used in the study (critical heat flux, flame sootiness in addition to the heats of combustion and
gasification) are all obtained from small-scale measurements of ignition, combustion and pyrolysis using
the FPA. The objective of the model is to predict the exponential growth time constant including the effects
of moisture [17] for the various types of corrugated paperboard.

The results are compared with experimental measurements of the actual growth time constants for the same
corrugated paperboard arranged in a 2.4 m high and 0.3 m wide parallel panel arrangement with 0.153 m
separation between the panels. This configuration simulates the flue space between the corrugated
paperboard boxes in rack storage. A 15 kW propane sand burner placed in direct contact below the samples
initiated the fires. The test configuration provides sufficient size and confinement of flames for yielding
realistic flame heat transfer, while giving the flames ready access to air entering from the sides.

ANALYTIC FIRE GROWTH MODEL
The proposed fire growth model is simple and is based on five assumptions:
1. Volumetric flame heat release is constant given by g, =1100kW /m?® [16].

2. The flame remains confined between parallel panels simulating corrugated paperboard and
maintains a rectangular shape having height ¢;, width w and depth d. See Fig. 1.

514



—

=

«d»
Fig. 1. Model parameters.

3. The flame heat flux g} is given by the general empirical correlation for flames between parallel
panels [16].

4. The corrugated paperboard ignites as either a thermally-thin or thermally-thick solid depending on
the imposed flame heat flux and ignitability as measured in the FPA [17].

5. Once ignited the corrugated paperboard continues to burn without burning out.

The overall rate of chemical heat release rate is given by

Qch =/ f quc"t: =20 qué;w (1)

Here qg, is the chemical heat release rate per unit area of the pyrolyzing solid when subjected to the flame
heat flux, 4} ; ¢;and ¢, are the flame length and the pyrolysis length, respectively; w and d are the width

of each panel and panel separation distance, respectively. Using the effective heat of combustion, AH. and
the heat of gasification, AH, one has

qgh = (q'; _qg)AHc /AHg (2)

where ¢ is surface heat loss rate due to re-radiation from the wall material being tested. Solving Eg. 1 for
the flame height, one has

Qch(t) ngqgh
= =

~wdg dq”
ch ch (3)

We assume that the flame heat transfer to the corrugated is uniform up to the height ¢. The corrugated
paperboard begins to pyrolyze at time 7 after arrival of the flames at a particular height. That is, as time
increases from time t to time t+7;, the pyrolysis height increases from ¢, to 4. This is expressed by the

equation

o, ity

dt g @)

Substituting Eq. 3 for £, one has
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dL{Zq_ly_ | )

dt dagm Tig

Assuming ¢, takes on the value £,(0) at t =0, the above equation has the exponential solution

£,(t)="1,(0)exp[t/z, | ©)

with a fire growth time constant, z,, , given by Eq. 5, followed by Eq. 2 upon substituting for qg,

S R i )
: {zqzh_l} 2005 —d5) aH,
dqg’h dq(,:”h AHg

Ref. [16] gives an expression for net heat flux to the panels in the pyrolysis zone

G4t —Go =—/F,00 + ®)

2 Gi+tasi +a

d g e (t){ﬂl(vs +Yg)“4}

’ .
where Gt (t) B QLG)Z
W Gghdw
and Y and Y are the fuel smoke yield and gas equivalent smoke yield (0.010), respectively; g, = radiation

constant = 1.04; and /3, = heat loss constant = 1.7. Here

is the dimensionless flame height, o =d/w=0.5 is the panel aspect ratio;

qg = go'Ting(l— stasw) = q(,:'r (1_ stasw) (9)

and the view factor between side wall to side wall F, ., =0.5 for a=d/w=0.5. Rearranging Eq. 8,
one has

Z(q’; _QS) AH, _ —Zﬂzqs i Qch(t) Bu(Ys +Yg)1/4 AH, (10)
dag, AHg | daf  dwPdl| o +ags +a || AHg
Then substituting the definition of ¢ (D)= Qu (1) and Eq. 10 into Eq. 7, one has
g’
T, = iy
1/4
AYs+Ys) e 20| AH,
i toag +a G d AH,

(11)
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The flame heat flux g} shown in Eq. 8 and the fire growth time z, shown in Eq. 11 both show a weak
dependence on the flame height, ¢; which disappears asymptotically as ¢; becomes much larger than
al(l+a)=1/3. That is

T, > it for ¢ >>a/(1+a)

9 1/4
A(Ys+Yy) 2p,47| AH,
l+a drd | AH,

(12)

Ref. [17] gives the ignition time zgminy including its moisture dependency for a thermally-thin corrugated
paperboard as:

_ m”CO(1+7mw)(Tig -To)

S (13)
47 —do

Tig

where, m" is the mass of the dry corrugated per unit area; ¢, is the specific heat of the dry corrugated
paperboard; m,, is the fractional added mass of water in the sample (i.e., fractional moisture content);

pr(Tb _TO) + I-w
Co(Tig —To)
water divided by the energy needed to ignite the dry corrugated. Thus, 7y in Eq. 12 is proportional to the

energy required for ignition.

(Tig —To) s the pyrolysis temperature rise; and » = ~5.0 Is the heat of gasification of

EXPERIMENTS

Parallel Panel Test

The parallel panel tests were conducted for various types of corrugated paperboard samples, such as single
wall, double wall and tri-wall.

Figure 2 shows the schematic of the 2.4 m high x 0.3 m wide parallel panel apparatus (PPA). The PPA
consists of two identical frames, constructed of 3.2 mm thick, 3.8 cm wide steel angles that face each other.
Plywood with a thickness of 12.7 mm was secured to the PPA frame and a piece of 19 mm thick Marinite |
(calcium silicate) is secured to the plywood. Each sample type (one to three layers) was mounted on the
Marinite | so that each panel faced the other across a 0.152 m gap. A propane sand burner, 0.305 m by
0.153 m and 0.305 m high was located below the panels. The top plane of the burner was held flush with
the base of the parallel panels. Care was taken to ensure that air is entrained from the open sides of the PPA
and not from the seams between the burner lip and the base of the panels. Propane was supplied at a
constant flow rate of 10 SLM which corresponds to an approximate chemical heat release rate of 15 kW.
The entire PPA set-up was placed on a load cell platform (1.8 m x 1.8 m) constructed of steel. Prior to
initiating the fire test, a small sample was taken from the corrugated paperboard panels and the moisture
content was measured (on a dry basis) by using a moisture analyzer. At the start of the test, the propane
sand burner was lit and remained lit during the test. The chemical heat release rate (determined from the
generation rates of CO and CO,) as well as the mass loss rate from the burning sample panels during the
test were measured by a 1 MW fire calorimeter located above the PPA.

One test was conducted to measure the heat flux generated between two parallel panels of tri-wall
corrugated paperboard. Six Schmidt-Boelter heat flux gages were installed in order to obtain centerline heat
flux measurements along the height of the panels. Five gages were installed on one panel and one gage was
installed on the other. Five gages were located at heights of 0.13 m (0.42 ft), 0.3 m (1 ft), 0.6 m (2 ft), 1.2 m
(4 ft) and 2.1 m (6.83 ft). The single gage on the other panel was located at 0.3 m (1 ft). Data from this gage
and the one on the opposing wall indicated that both panels received about the same heat flux as a function
of time. Each gage was inserted tightly into a hole (about the same diameter as the gage) such that the face
of the gage was flush with the surface of the corrugated paperboard panel. The heat flux gages were
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supplied with cooling water at a temperature of 54.4 °C (130 °F). The reading from the heat flux gages used
here are a measure of total heat transfer (convective and radiative).

19 mm CALCIUM SILICATE 0153 m

” /)§ 12.7 mm PLYWOOD

2.4 m

ANGLE IRON FRAME
3.8cm X 3.8cm X 3.2 mm

SAND BURNER
Figure Fig. 2. Schematic of parallel panel apparatus.

The flame height was determined by visual observations from a recorded digital video. It was observed that
the flame height fluctuates. Therefore, the average flame height was assumed to be constant until it
progresses to the next level of height. These incremental flame heights are shown in Fig. 3, where the
trend-line is an approximation of the actual flame height as a function of time. The flame height was
approximated up to 50 s, at which point it reached its maximum.
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Fig. 3. Visual flame height vs. time for corrugated tri-wall paperboard in
parallel panel apparatus experiment.

Property Measurements

All property measurements were conducted in the FPA.
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Sample Preparation

Circular samples (9.53 cm diameter, corresponding to a surface area of 0.0071 m?) in standard insulated
sample holders [18] were conditioned in a vacuum oven at 105 °C for 24 h to completely remove moisture.
Subsequently, these samples along with the sample holders were placed in a desiccator and transported to
an environmental chamber for 24 h for conditioning at 23 °C and 50 % RH. During the tests, the relative
humidity of 50 % was also maintained in the FPA with a humidity control and delivery system [17].

Combustion Test

For testing single wall, double wall and tri-wall samples, 5 layers, 3 layers and 2 layers, respectively, were
placed in the sample holder. Each sample type with the sample holder was placed on the sample platform
connected to a load cell (0-1000 g-range, 0.1 g accuracy, 20 mg peak-to-peak noise), which continually
recorded the sample weight during combustion process. A 19-point differential least squares slope
technique was used to derive the mass loss rate data. Prior to the test, the sample surface was lightly coated
with a uniform layer of carbon black (160 + 5 % g/m?). A pre-mixed, 10 mm long ethylene-oxygen pilot
flame was positioned about 10 mm above and near the center of the top surface to ensure prompt ignition if
sufficient fuel vapors were present. A quartz tube (162 mm ID and 431 mm long) was placed around the
sample flowing normal air having a 200 SLM volume flow. A water cooled shield was used to protect the
sample from exposure while the radiant heaters were brought to a specific heat flux setting. The samples
were exposed to different levels of radiant heat flux, 50 kW/m? and 65 kW/m? In each test, after the
ignition, the sample was allowed to burn completely and the measurements of chemical heat release rate
(calculated from the generation rates of CO and CO,) and smoke generation rate as a function of time were
made. The effective heat of combustion, AH_ (kJ/g) of the sample is calculated:

AH, = [ @t /Am (14)

where, Qch is the chemical heat release rate (kW); t; and t., are the ignition and the flame out time,

respectively; and Am is the total mass loss (g) during the time interval t; to t,,. The effective heat of
combustion data are presented for both values, tested at 50 and 65 kW/m? radiant fluxes, in Table 1. The
measurement accuracy [19] is £ 5 %. Similarly, the smoke yield, Y; is determined as follows:

Y, = j: rhdt /Am (15)

where, m, is the generation rate of smoke (g/s). The smoke yield data are presented in Table 1. The
measurement accuracy is £ 5 %.

Pyrolysis Test

Test conditions and sample preparation were the same as above. The test is conducted using the quartz tube
(162 mm ID and 431 mm long) around the sample flowing 100 % N, with 100 SLM. The samples were
exposed to radiant heat flux values of 20 kW/m?, 35 kW/m?, 50 kW/m? and 65 kW/m? and the mass loss
rate as a function of time was measured for each test. These tests were conducted to determine the heat of
gasification of the material.
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Fig. 4. Mass loss rate vs. time for double wall corrugated paperboard.

For example, the mass loss rate of a double-wall (3 layers) corrugated paperboard sample material
subjected to several levels of radiant heat fluxes in an inert environment (in order to avoid the effect of
flaming) is presented in Fig. 4. It can be seen in Fig. 4 that the initial gasification rate up to the peak is
acceleratory followed by charring as the mass loss rate recedes rapidly. At a later stage, the sample
delaminates as the inner layers get involved in the pyrolysis process. The rate of fire growth is driven by
the peak mass loss rate corresponding to the minimum transient heat of gasification. The average heat of
gasification is many times larger. Using the average heat of gasification would require an unrealistic
increase in the flame heat transfer (i.e., coefficient f; in Eq. 12) to achieve fire growth. The peak mass loss
rate per unit sample surface area prior to the initial char forming period is plotted as a function of radiant
heat flux in Fig. 5. The inverse slope of the best fit regression line provides the heat of gasification of the
material. The heat of gasification values for corrugated paperboard materials are listed in Table 1. These
values are consistent with the values reported in the literature [20] for similar type of materials (filter paper:
3.6 kJ/g; wood Douglas-fir: 1.8 kJ/g; corrugated paperboard: 2.2 kJ/g). The measurement accuracy of mass
loss rate is = 5 %.

Table 1. Properties of corrugated paperboard samples measured in the FPA.

Sample identification | AH, (kJ/g) | AH, (kJ/g) Y, (9/9) AH, (kJ/g)
50 kw/m® | 65 kw/m®
Tri-wall (2 layers) 13.0+£0.7 14.1+0.7 0.011 + 0.0006 2.3, 2.4 (repeat)
Double wall (3 layers) 13.0+0.7 14.4+0.7 0.013 + 0.0007 2.4
Single wall (5 layers) 15.7+0.8 15.8+0.8 0.011 + 0.0006 3.0
Single wall (5 layers) 15.7+0.8 15.8+0.8 0.012 + 0.0006 3.2
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Fig. 5. Mass loss rate per unit area vs. incident radiant flux for double wall corrugated paperboard.

Critical Heat Flux Measurement

Test conditions and sample preparation were the same as for the combustion test. A single layer of
corrugated paperboard sample with the insulated sample holder [18] was placed on the sample platform.
The samples were exposed to several values of radiant heat fluxes, and the times to piloted ignition were
recorded.

The critical heat flux for ignition, ¢, is determined by plotting the inverse of the time to ignition versus
the radiant heat fluxes between 10 kW/m? and 20 kW/m? (measured in the FPA), for which the ignition
times are very large. The intercept of a straight-line regression fit with the abscissa provides the critical flux
corresponding to an infinite ignition time. Table 2 presents the critical heat flux values for some corrugated
paper board samples. The standard deviation of the critical heat flux intercept is also presented in Table 2.

Table 2. Critical heat flux for corrugated paperboard samples.

Sample identification Critical heat flux (CHF) Standard deviation of
(kw/m?) CHF intercept (KW/m?)
Single wall 8.4 1.1
Single wall 8.1 0.8
Single wall 8.2 1.0
Double wall 8.1 0.8
Tri-wall 9.0 1.2

for each material. Note that for single wall material, three CHF tests were conducted for evaluating
repeatability. The critical heat flux values as found in this study are comparable to our previously reported
[17] measurements.

RESULTS AND DISCUSSION

Exponential Fire Growth

Figure 6 presents the heat flux measurements at different heights (0.13 m, 0.305 m, 0.61 m, 1.22 m and
2.08 m) of the panel as a function of time. As mentioned in the experimental section, the average data of
the two heat flux gages located at the same 0.305 m height of the two parallel panels is presented here. We
have also included the approximate flame height, exponentially increasing as a function of time, previously
shown in Fig. 3.
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Fig. 6. Heat flux for parallel panel of tri-wall corrugated paperboard as a function of time.

The heat flux, in the time period when the flame height increased to the top of the panels, was within
approximately 30-60 kW/m? at the 1.22 m height. The asymptotic flame heat flux ¢} was 40 kW/m? given

by model Eq. 12. It has been shown that for heat fluxes up to 50 kW/m? corrugated paperboard behaves as
a thermally-thin solid at ignition [17]. During this period, experimentally measured exponential fire growth
in terms of chemical heat release rate as a function of time, shown in Fig. 7, is at its peak value. In all cases,
evaluation of the exponential fire growth constant, 7, ¢, Was initiated when the chemical heat release rate
was approximately 10 kW and terminated just prior to the peak value when obviously the exponential
growth ceased. The 7y ¢, for single, double and tri-wall corrugated paperboard samples as determined from
the curves are presented in Fig. 7.

Fire Growth Time Constant

To calculate the exponential fire growth time constant, the analytic model Eq. 12 and Eq. 13 (for thermally-
thin conditions) were used with the measured properties aH., aH,, d¢ and Y, listed in Table 1 and

Table 2. The properties, m”, T;; and c, are taken from Ref. [17] and are listed in Table 3 below. One also
needs for the model the fractional moisture content, m,, given in Table 4.

Table 3. Corrugated paperboard properties.

m” single wall 0.46 kg/m®
m” double wall 0.58 kg/m?
m” tri-wall 0.66 kg/m?
Tig 625 K

T 298.15 K

S 152 kilkg K
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Fig. 7. Chemical heat release rate vs. time for corrugated paperboard samples in parallel panel experiments.

The model calculations of 7, ¢4 are presented in Table 4 for all the samples examined in this study. The
experimental values of fire growth time constants, 4 ¢, from the experimental fits shown in Fig. 7, are also
listed in Table 4 (ranges are given for repeat tests). In all cases, 7y . Was determined by setting the m,,
value the same as the experimental moisture content as reported in Table 4 (column 2).

The constants g, = 1.04 and , = 1.7 from the original heat transfer model, Ref. [16], were fitted to flame
heat transfer measurements obtained from a larger parallel panel apparatus for which radiative heat transfer

was dominant. However, the separation distance, d for the current study is only half as large (0.153 m)
resulting in proportionately less radiative heat transfer and an enhanced role for convective heat transfer.
By increasing £, from 1.04 to 1.82, the model adequately predicts the 74 ¢5. This choice increases the total
flame heat transfer to values more closely approximating the measurements shown in Fig. 6 and was used

for calculating 74 ¢ in Table 4, below.

Table 4. Fire growth time constants — experiment vs. model.

Sample description Moisture content Tg_exp Tg_cal
(pre-test) (%) (s) range (s) range
Tri-wall (2 layers) 9.0+05 9.7-12.7 10.0-12.5
Tri-wall (2 layers) 9.5+0.5 10.8 10.0
Tri-wall (2 layers) 8.7+0.5 8.3 10.0
Tri-wall (2 layers) 8.2+0.5 8.9 10.1
Tri-wall (2 layers) 85+0.5 10.9 10.1
Double wall (3 layers) — 8.4-9.5 8.9-9.0
Double wall (3 layers) 8.6 0.5 11.2 11.0
Double wall (3 layers) 7.2+05 10.5 10.5
Double wall (3 layers) 8.9+0.5 10.9 11.2
Single wall (1 layer) 9.0+0.5 8.9 9.4
Single wall (1 layer) — 6.6-6.7 8.6-8.6
Single wall (1 layer) 6.9+£0.5 7.3 8.6
Single wall (1 layer) 9.4+05 8.8 9.5
Single wall (1 layer) 8.8+0.5 7.7 9.3
Single wall (1 layer) 9.0+0.5 8.2 9.4
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All the data for both 7y ¢, and 7y ¢ in Table 4 are plotted in Fig. 8. The figure shows satisfactory agreement
of the model with the experimental data.

Effects of Corrugated Paperboard Properties on 7y cq

It is quite difficult to conduct parallel panel tests with varying m,, (fractional moisture content) in order to
assess its impact on 4 . However, one can assess the role of moisture by using the current model. By
changing m,, in the model from 0.04 to 0.08 (equilibrium values corresponding to 20 % and 60 % RH) [17],
7 cal INCreases about 15 % (see Fig. 9).

15
10 ¢
D o oo(%
E
3' 5 O Sin Wall
O Double Wall
ATri Wall
0 1 1
0 5 10 15

Tg_exp (S)
Fig. 8. Measured 74 e, V. calculated zq cq.

The impact of a change in linerboard materials in terms of m” (mass of dry corrugated paperboard per unit
area, i.e., areal density) [17] on 74 ¢y is also presented in Fig. 9. Keeping m,, constant, if mass of dry
corrugated per unit area is doubled from 0.33 to 0.66 kg/mz, 74 _cal INCreases significantly, doubling as well.

For typical corrugated paperboard materials, the model says that a 5 % variation of the heats of combustion
and gasification results in an 8 % variation in zy . Whereas a 5 % variation in critical heat flux and smoke
yield result in only a 2.5 % variation in 7y ¢o. Finally 74 ¢ is proportional to the energy required for
ignition.
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Fig. 9. The effects of m,, and m" on 74 ca.
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CONCLUSIONS

Upward fire growth along vertical corrugated paperboard samples placed parallel (size of each sample:
0.305 m x 2.4 m) and facing each other (about 0.153 m apart) was measured in terms of chemical heat
release rate as a function of time. A 15 kW propane sand burner was used at the base as an ignition source.
In all cases, the samples exhibited exponential fire growth rates.

A simple analytic fire growth model was developed. By using one parameter determined from comparison
with experimental data (8; = 1.82) the model gives reasonable prediction of the exponential fire growth
time constant 7, ¢. The effect of moisture on fire growth rate is incorporated in the model. The model
needs input properties, such as the heat of combustion, minimum heat of gasification, yield of smoke, and
critical heat flux, which are all routinely obtained from the Fire Propagation Apparatus. Using an average
heat of gasification, instead of the minimum heat of gasification, would require an unrealistic increase in
the flame heat transfer (coefficient f;) to achieve fire growth. The model prediction of exponential fire
growth time constant agrees reasonably well with the experimentally determined values.

The model shows that doubling the linerboard weight slows the propagation rate by a factor of two. The
model also shows that changing the moisture content from 4 % to 8 % (corresponding to 20 % to 60 % RH)
increases the growth time constant by 15 %. For typical corrugated paperboard materials, the model
indicates that a 5 % variation of the heats of combustion and gasification results in an 8 % variation in 7y ca,
whereas a 5 % variation in critical heat flux and smoke yield result in only a 2.5 % variation in zq ¢,
Finally 74 o is proportional to the energy required for ignition.
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