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« Phenomenological analyses of flame spreading behavior of FPU were provided.

« Global burning rate was illustrated by theory of effect pressure and pool fire.

« The influence of pressure on flame height and temperatures was studied theoretically.
« Pressure effects on flame spread velocity were interpreted in mechanism.
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This study investigated the factors affecting the fire safety analysis of the common construction material
flexible polyurethane foam, based on combustion at various inclination angles and the ambient pressures
at the altitudes of the cities of Hefei (99.8 kPa) and Lhasa (66.5 kPa). The effects of ambient air pressure,
specimen width and inclination angle on the burning rate (as determined by mass loss), average flame
spreading velocity, flame temperature and flame length were examined. The combustion rate was lower
at 66.5 kPa and the wider specimens exhibited gradual spreading of the flame front in conjunction with
melting and dripping. The burning rates at various inclinations were found to correlate with the pressure
according to the expression i oc p",0.67 < n < 1.36, and this result can be explained based on pool fire
theory. The average flame spreading velocity was found to correlate with pressure at various inclinations
according to the relationship V, o< p",2/3 < n < 1. The flame temperature was also observed to increase
somewhat at the lower pressure, leading to an increase in the flame puffing frequency. Finally, a power
law was used to describe the relationship between flame height and pressure, while a linear relationship
was obtained between the index and the angle of inclination.
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1. Introduction

In recent decades, there has been a growing interest in develop-
ing new methods of both generating and conserving energy to
protect the environment [1-4]. Polyurethane (PU) foam, a common
material with numerous applications, is often employed as insula-
tion in buildings as a means of saving energy. Both Rigid and
Flexible polyurethane (RPU and FPU) foams can be produced.
RPU foams are typically thermoset polymers, while FPU foams tend
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to be thermoplastics [5,6]. Xie et al. developed a quantitative
model based on experimental evaluations of downward flame
spreading over a liquid fuel layer on Extruded polystyrene (XPS)
foam, and proposed that the flame spreading is augmented by liq-
uid fuel generated through melting of the XPS [7]. Many common
building materials, including Polymethyl methacrylate (PMMA),
XPS and Expanded polystyrene (EPS), will undergo dripping and
melting during combustion and generate a large amount of liquid
fuel. In contrast, a thermoplastic-like material such as FPU will
form a thin molten layer at the flame front that generates what
is essentially a narrow, downward-flowing pool fire, rather than
the downward surface flame spreading more commonly exhibited
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by burning solids [5,6]. Ma et al. [6] studied flame heights and pul-
sations during downward flame spreading over FPU and developed
an empirical relationship based on pool fire theory that produced
results that coincided with the experimental data. This prior work
demonstrated that the FPU combustion mechanism at high alti-
tudes can be affected by changes in the pool fire combustion beha-
viour as well as by variations in the incline of the material. Thus,
the factors determining the fire hazards presented by FPU are
actually quite complicated, and the unique “melting-flowing”
behaviour of FPU during combustion can represent a challenge
when designing fire protection systems for buildings [6-10].

The effects of variations in atmospheric pressure on combustion
are a significant aspect of assessing the safety of historic buildings
at high altitudes, such as in western China, where thousands of
Buddhist buildings are located. Prior research has demonstrated
that the reduced pressures at higher altitudes could lead to
changes in combustion characteristics such as burning rate, flame
spreading velocity, the physical morphology of the fire and the
flame temperature. De Ris [1,2] predicted that, in the case of one
dimensional flame spreading, the flame spreading velocity at lower
pressures will be considerably reduced. The effects of low atmo-
spheric pressure on the burning behaviour of PMMA were also

assessed by Gong et al., who formulated the expression i  P'®
to describe these effects [8]. A pressure-gravity model was pro-
posed by Kleinhenz et al. [9], in which the upward flame spreading
velocity and burning rate are proportional to P'®g. Tang et al.
[10,11] proposed a correlation to characterize the vertical profile
of the heat flux upon external facade in the thermal plume region
by accounting for relative pressure variation and entrainment
change. However, studies analysing the combustion risks associ-
ated with FPU are rare. Tu et al. [5] investigated the effects of pres-
sure on the burning behaviour of FPU, and found that the average
global burning rate was proportional to the pressure to an expo-
nent of 4/3, based on a hypothetical model.

Many other parameters, such as the width of the fuel, the angu-
lar orientation, gravitational effects and oxygen concentration,
have also been studied. Mell et al. [ 12] confirmed that more intense
convection increases the flame spreading velocity in the case of
non-inclined narrow samples. Li et al. [13] reported that the flame
height and flame spreading velocity on a wooden board increased
with width at a 90° inclination angle, for widths ranging from 2 to
11 cm. Quintiere [14] researched the effects of the inclination angle
on the flame spreading over thin substrates. This work determined
that the flame spreading increases in the downward and upward
directions at critical angles of —60° and 60°, respectively. An
et al. [15,16] conducted experiments that examined the effects of
the substrate thickness as well as the effects of sidewalls and
pressure on the downward flame spreading over XPS and various
thermoplastic materials and developed a three dimensional
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Fig. 1. Experimental setup modelling a building facade with varying incline angles.

downward flame model. However, these existing simplified repre-
sentations of combustion processes do not allow estimation of
flame spreading rates on FPU specimens with finite widths or at
reduced ambient pressure. Therefore, additional experimental
studies concerning the combustion behaviour of FPU at high alti-
tudes are required.

In the present work, comparative experiments were performed
to assess the burning behaviour of FPU foam board in conjunction
with gravity-assisted downward flame spreading at two locations
having different atmospheric pressures. These were the cities of
Hefei (altitude 40 m and pressure 99.8 kPa) and Lhasa (altitude
3650 m and pressure 66.5 kPa). The results provide basic informa-
tion that should be useful in developing safety regulations for con-
struction at elevated altitudes.

2. Material and experiments

The experimental device employed in this study is illustrated in
Fig. 1. The apparatus primarily consisted of an electric balance, an
FPU board holder, sensors and a measurement system. The FPU
foam board had a thickness 2 cm, a length of 80 cm and a width
of 5 or 20 cm and was mounted on an insulating section of gypsum
board. The FPU specimen could be ignited on its upper side to cre-
ate a downward spreading flame. As shown in Fig. 1, the inclination
angle of the underlying gypsum board that simulated a building
facade could be adjusted and also ensured that only the upper sur-
face of the FPU board burned. The angle of the specimen could be
altered using a manually-operated adjustment system and was
measured using a protractor on the side of the device. Four inclina-
tion angles (0) were employed: 0°, 30°, 60° and 90°. The physical
properties of the FPU foam board selected for the experiments
are summarized in Table 1. Comparative trials were conducted
using two identical testing rooms EN54 [17] with the following
dimensions: 10 m in length, 7 m in width and 4 m in height. These
areas were large enough to allow the reduction in oxygen concen-
tration during combustion trials to be neglected.

The FPU board holder was situated on a second thick gypsum
board, which in turn sat on an electronic scale with a precision
of 0.01 g. This scale was used to track variations in the mass of
the FPU over time. A wick soaked with ethanol positioned in an
iron slot was employed as a linear ignition source. Two high defi-
nition digital cameras (30 frames per second) were used to monitor
the flame spreading behaviour both overtop and from the side of
the FPU board. Reference lines spaced 10 cm apart on the upper
surface of the FPU board provided a means of assessing the flame
spreading at specific time intervals. An array of seven thermocou-
ples (T1-T7), were positioned along the centreline of the FPU spec-
imen at a height of approximately 2 mm above the board surface,
and could be relocated when the FPU board changed to a new incli-
nation angle.

Temperature and humidity values similar to those typically
encountered in the two cities were employed (Hefei: 23 + 1.0 °C,
55+ 3% relative humidity; Lhasa: 21+1.0°C, 50+ 3% relative
humidity) when assessing the effects of the ambient air pressure.
All the mass and temperature data were recorded at a frequency
of 1 Hz. Each trial was repeated several times and the data exhib-
ited excellent reproducibility.

3. Results and analysis
3.1. Typical downward burning behaviour of FPU
Photographic images of a typical downward flame spreading

sequence over FPU foam boards (5 or 20 cm wide) at a 60° inclina-
tion angle and a pressure of 66.5 kPa are provided in Fig. 2. It is
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Table 1
Physical properties of the FPU foam employed in experimental trials.

Average element structure Density Specific heat Heat conductivity Pyrolysis temperature Heat of combustion
(kg/m?3) (KJ/kg-K) coefficient (W/m-K) (K) (MJ/kg)
CH1.800.30N0.05 415 1.5 0.037 440 30

 width

(b) FPU board with a 20 cm width

Fig. 2. Sequential images of the combustion behaviour of FPU boards with widths
of (a) 5cm and (b) 20 cm at 66.5 kPa (Lhasa).

evident that the wider board exhibits a transition from a linear
pyrolysis front (Fig. 2(a)) to an irregular shape (Fig. 2(b)). The
pyrolysis of the wider specimen can also be divided into two
stages. Initially, the front has an inverted “U” shape (see t=120s
in Fig. 2(b)) that later transitions to an inverted “V” shape (see t
=360 s). This phenomenon results from downward flame spread-
ing caused by the molten fuel, and is similar to results reported
from prior liquid pool fire studies [5,8,15,16,19]. The fluid effect
of the thin molten layer at the flame front produces the initial
“U” shape. However, as the fuel width increases, the proportion
of air entrainment is also increased owing to the more vigorous
combustion. The enhanced air flow from both sides and the ensu-
ing enhancement of the gas movement in the pyrolysis region sub-
sequently combine to move the flame base forward to generate the
“V” shape.

A diagram summarizing the parameters affecting the burning
behaviour during the tests is provided in Fig. 3. The downward

burning of the FPU foam sheet can be considered as the result of
the formation of a small, narrow pool fire on the upper surface of
the solid foam. New liquid fuel will be provided to this pool as
the foam near the moving flame front melts. Thus, the pool is not
static but rather moves downward as new liquid is added. The
above suggest that the formation and development of the pool
plays a key role in downward combustion behaviour.

In addition, the liquid generated in the pool fire flame front
drips downward. At a large inclination angle, the molten flow/
dripping becomes significant, leading to leakage or overflow of
the narrow pool fire, and increases the complexity of fire hazard
prevention assessments.

3.2. Burning rate

Throughout this work, the average burning rates during the rel-
ative steady burning stage are used, as obtained by the linear fit
depicted in Fig. 4 (taking a 20-cm-wide FPU board at a 30° inclina-
tion angle and under different pressure conditions as an example).
A comparison of the resulting burning rate data is provided in
Fig. 5, which demonstrates that the relationship between pressure
and burning rate was affected by both the inclination angle and
sample width. Within the data for each width, the burning rates
at low pressure were always lower, particularly at larger inclina-
tion angles. This effect was also more pronounced for the 20 cm
boards. The relationship between the burning rate and the inclina-
tion angle is also seen to be non-monotonic; with increases in the
angle, the burning rate first decreases significantly and then
increases. This phenomenon is thought to be due to variations in
the degree of heat feedback, as discussed below.

The burning rate of FPU at various inclinations is largely depen-
dent on heat transfer from the flame to the molten region, which in
turn is controlled by the convective and radiative heat transfer
mechanisms. Heat will be transferred via conduction from the fire
through to the back of the board only at very high angles. The rela-
tionship between these heat transfers and the burning rate may be
approximated by the equation [5]

m o h(Ty — Tp) + o (T} — T3)(1 — exp(—kily)) (1)

where h, m, T, 0, ks and s are the convective heat transfer coeffi-
cient, total mass loss rate, temperature, Stefan-Boltzmann constant,
absorption coefficient of soot, and characteristic flame mean beam
length, respectively.

When using the 5-cm-wide boards, the pressure had a negligi-
ble impact on the horizontal flame spread. This lack of effect
occurred because the heat feedback to the unburned region in
the case of the narrow boards was primarily determined by con-
duction and convection, both of which are almost independent of
ambient pressure in the case of small scale combustion, as reported
by De Ris [1] and Tu [5,18]. At higher inclination angles, the angle
between the flame and the board is increased, which in turn
decreases the radiative heat feedback. This effect explains why
the burning rates were reduced at an angle of 30°. However, with
additional increases in the angle, the flame approaches the exposed
surface of the gypsum board above the burning sample, such that
the unburned portion of the FPU board receive a greater degree
of conductive heat feedback through the gypsum, resulting in an
increased burning rate.
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Fig. 3. Diagram showing the factors affecting combustion behaviour during the experimental trials.
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of time during the steady burning stage.
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Fig. 5. Variations in the burning rates of FPU boards having different widths and
inclination angles in Hefei (99.8 kPa) and Lhasa (66.5 kPa).

In contrast, in the case of the wider board, the effect of pressure
becomes more significant owing to the onset of radiation-
controlled burning. In a previous study, Gong [8] examined the cor-
relation between pressure and the burning rates of 20-cm-wide
PMMA samples.

Mo Cp-P"+C,-P? (2)

According to Gong, the relationship between burning rate and
ambient pressure can be summarized as m « p'®. Quintiere [14]
also included the angle effect and reported that gravity-assisted
flame spreading could be predicted using the equations

X, = 116(sin 0)'/*x77’ /AH, (3)
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Fig. 6. Plots of experimental log(ri) and log(p) data with theoretical fits.

and
qf = CquBL(sin0L)*°x}/ (4)

where ¢y is the total heat flux generated by both radiative and con-
vective heat feedback from the flame to the molten region. How-
ever, this model underestimates the effect of the heat flux on
flame spreading in the case of a horizontal board and ¢; = 0.

As noted, the effect of pressure on the burning rate can be sum-
marized as m « p*. Thus, a linear relationship can be obtained by
plotting log(ri1) against log(p), as illustrated in Fig. 6, in which case
the slopes of the lines represent the indexes. In this figure, the dot-
ted lines were generated using an index of 4/3. If we consider the
data obtained at an angle of 90° as the result of pool fire combus-
tion, the relationship m” o« p®%’ in Fig. 6 is consistent with the
results reported by Tu [18]. Tu proposed that the general relation-
ship between pressure and pool fire burning rates can theoretically
be expressed by a series of exponential relationships in four
regions, written as below.

< 0, (conduction — controlled)
0 ~ 1, (transition)
1 ~ 2, (convection — controlled)
1 ~ 1.7, (radiation — controlled)

M’ o p'n &

()

Furthermore, based on dimensional analysis, De Ris determined
that the relationship between pressure and burning rate is
m” « p*3,n = 4/3. Using the wider board at an angle of 0°, the heat
feedback is primarily radiative and the index is 1.22 (and thus in the
range of 1-1.7). As the angle is increased, the heat feedback mech-
anism transitions to conduction-controlled owing to the significant
heat conduction through the gypsum board. The relative effects of
both conduction and convection are increased, such that n is 0.63
at 90°. In the present study, the data acquired as below.

122,0=0°
‘ 1.23.0 = 30°

" n‘ ~ ? 6

M XPLI~4 1 36,0 = 60° ®
0.63,0 = 90°

3.3. Flame temperature and flame spreading velocity

Flame spreading velocity is a vital factor in assessing fire risks.
In this study, the flame velocity was determined by video camera
and by thermocouples, which assisted in following thick or

unsteady flames in the later stages of combustion. The propor-
tional contribution of radiative heating will be affected by pres-
sure, soot formation in the diffusion flame and increases in the
flame velocity at the flame front, and this will ultimately affect
the flame spreading rate. The ambient pressure affects the flame
spreading rate over the FPU by modifying the thermal diffusiv-
ity,a,. Assuming an infinitely wide specimen, the flame spreading
velocity can be written as

Vs = CyineP?? (7)

where Cy iy is an indented pressure constant.

Gong [8] determined the downward flame spreading rate for a
sample with a finite width without including the angle effect,
and reported the relationship

Vi o CyimiP? (8)
where
Cvﬁni = Cr/W . d : PS (9)

De Ris [1] used complex mathematical methods with dimen-
sional arguments to predict that the spreading velocity will
increase according to the pressure raised to an exponent of 2/3.
This was confirmed by experimental data collected by Mc Alevy
and Magee [19], who found that the flame velocity over cellulose
and various plastics on thermally thick solids increased relative
to the pressure raised to an exponent ranging from 0.63 to 0.78.
This prior work also found that changing the inclination angle
modified the burning rate by affecting the heat feedback mecha-
nism. Therefore, the correlation between the average flame spread-
ing velocity and the angle and pressure can be approximated by
the equation

Vi = CyintP"C(0) (10)

Fig. 7 summarizes the average flame spread rates and demonstrates
that a decrease in the ambient pressure reduces the flame spreading
velocity while increases in the inclination angle enhance the veloc-
ity significantly. Fig. 8 plots log(V,) as a function of log(p). In this
figure, Eq. (7) is used to fit four sets of experiment results having
different slopes and the dotted line represents a slope of 2/3. The
relationships between average flame spreading velocity and pres-
sure at angles of 0° and 30° were consistent with De Ris’ results.
At angles of 60° and 90°, the relationship between the flame spread-
ing rate over the FPU board and pressure becomes
Vo o p®8 . n=0.89 and V, x p®°',n = 0.91, respectively, which is
similar to the trend of burning rate vs.p. In the present study, the
data acquired at inclination angles of 0°, 30°, 60° and 90°can be
described by the relationships as below.

0.87.0 = 0°
0.65,0 = 30°
Voo phon e ’ 11
a P4 0890 — 60° (I
0.90,0 = 90°

Fig. 9 shows that the effect of pressure on T;_n.x (the peak temper-
ature that occurs when the core reaction zone in the fire plume
reaches each thermocouple location) is not clear. The Ty_max values
at 99.8 and 66.5 kPa were approximately 1103 and 1163 K when
the angle is 30°, respectively, when the flame front reached the
fourth thermocouple. This result indicates steady flame spreading,
with a maximum temperature difference of <10%
(Tr-max(99.8kPa) < Ty_max(66.5kPa)). This result is attributed to

decreases in both p_ and Q under low pressure conditions. How-

ever, p,, decreases faster than Q in the case of small and mid-
scale combustion, as expressed in the equation
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The errors associated with temperature measurements were
primarily associated with radiative effects, and so we analysed
errors using Luo’s [20] method. Based on this method, the error
of flame could be <3% for our test.
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Fig. 9. Axial temperatures in the plume region at 99.8 kPa (Hefei) and 66.5 kPa
(Lhasa) obtained using 5-cm-wide boards at inclination angles of (a) 30° and (b)
60°.

3.4. Flame length

The flame length (L), was defined as the distance between the
flame root and tip, and was affected by the fuel supply rate, pres-
sure and inclination. In general, increases in the flame length or
height elevate the fire risk. Because the flame scale varies regularly
with the flame pulsation, digital image processing using the
MATLAB program [9], with a scale error <5%, was utilised to calcu-
late the flame length based on 20s sequences of flame images
acquired during the steady burning state (the region indicated in
Fig. 3). Under these conditions, the classical relationship between
flame height and inclination based on nonlinear burning developed
by Zukoski [21,22] is not suitable. This relationship is summarized
by the equation

H/D =3.7Q%° - 1.02 (13)

where H, D and Q* are the flame height and diameter, and the non-
dimensional heat release rate, respectively. Delichatsios et al. [23]
proposed a correlation to predict the flame heightH =k-Q™,
where H is the flame height, Q = mAh is the heat release rate, and
k and ng (the latter having a value of 2/3) are constants. Similar cor-
relations having the form H =a-x; have also been reported by
other researchers. The flame length can be expressed as

Lo Q™ ~ (mAH)™ ~ pi (14)

Eq. (14) demonstrates that the flame height is proportional to
the pressure raised to an index, which might explain the experi-
mental data. Fig. 10 plots the relationship between flame length
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Fig. 11. Relationships between flame height and pressure: (a) log(H) as a function
of log(p) with linear fits, and (b) the relationship between the pressure indexes from
(a) and the inclination of FPU samples.

and pressure and demonstrates that the flame length increases
with increases in pressure. It should be noted that there is also
an obvious decrease at a 30° inclination angle at all pressure con-
ditions, which mirrors the trend observed in the burning rate data
in Fig. 5. Increasing either the angle or the width increases the
flame length. The reduced flame length at low pressure is due to

the differences in the burning rate and burning area. These results
are in some ways different from previous pool fire flame height
data [24].

Further comparisons between experimental flame lengths at
different inclination angles and pressures are shown in Fig. 11.
With increases in the angle, a linear correlation is realised between
slopes obtained in Fig. 11(a) and the inclination angle, as illus-
trated in Fig. 11(b). The flame height can be expressed as

H P1.299—0.01{) (-15)

4. Conclusion

The effects of atmospheric pressure and building facade inclina-
tion on the downward burning characteristics of FPU foam board
(including burning rate, flame temperature, spreading velocity
and flame length) were examined. The results are expected to sup-
port the safe design of buildings with external thermal insulation
systems. The downward burning behaviours of various FPU sam-
ples were analysed and the results can be summarized as follows.

(1) Compared with solid fuels such as PMMA, XPS and EPS,
which are commonly employed in building facade construc-
tion and which produce dripping and melting, FPU exhibits
more complex “melting-flowing” behaviour that compli-
cates safe building design.

(2) Both pressure and inclination are key factors affects the
burning rate of FPU. The relationship between pressure
and  burning rate can  be summarized  as
mo«p”(0.67 <n<136). At an angle of 90° the
experimentally-derived relationship ism” o p®%’,n = 0.67,
which is consistent with pool fire theory. At 0°, 30° and
60°, the experimental data result in the same relationship
but with n values of 1.22, 1.23 and 1.36, owing to the onset
of a radiative feedback regime.

(3) The flame spreading velocity over the FPU increases with
increases in the ambient pressure. The relationship between
pressure and the average flame spreading rate at various
angles can be expressed as V; « p",0.65 < n < 0.89. How-
ever, greater inclination angles lead to complex variations
in the flame spreading velocity owing to transitions between
different heat feedback mechanisms.

(4) Flame length is determined by both the heat release rate and
consequent burning rate. A non-monotonic tendency was
found with increases in the inclination angle, similar to the
behaviour of the burning rate. On the basis of the experi-
mental findings, at sub-atmospheric pressure, the flame
height and pressure are proportional according to
H P1.299—O.01()‘
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