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Abstract

In order to study the pyrolysis of opaque non-charring polymers in the reduced pressure environment, a
series of experiment on the opaque Acrylonitrile Butadiene Styrene(ABS) in reduced low-pressure
chamber has been conducted under different external heat fluxes in this work . The temperatures for the

surface and bottom of the sample and the mass loss during the whole process have been measured. The
parameter of 7},, which describes the impact of pressure on the sample surface temperature has been

introduced. The char residue has been observed. The results shows that under the low heat flux, there is

a loose layer of char residue left with significant pyrolysis bubbles in it, and the size of the bubbles
decreases with the pressure. 7, has been indicated with the trend of significant decline as the

pressure increased, and the mass loss rate of the sample decreases apparently as the pressure increased.

While, under the high heat flux, the char residue is denser, and the pyrolysis bubbles cannot be found.

7}, and the mass loss rate of sample have no obvious relationship with pressure. The average pyrolysis

rate is linearly related to p* . The value of @ is 1.3 under 18kW/m? and 0.1 under 36kW/m”.
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Nomenclature

a constant

specific heat at constant pressure

h heat convective coefficient
Gr Grashof number
i mass loss rate

m combustion rate



Pr Prandtl number
p ambient pressure
7}, pressure characteristic temperature
T temperature

1_/; gas velocity
Greek symbols

P density

K permeability

2! viscosity
Subscript

N solid phase

g gaseous phase

% volatiles

1 Introduction

In recent years, polymer has been widely used in the industry and life for their characteristics of
low-cost and lightweight. However, the huge amount of C, H atoms in the polymer make it high
flammable and great danger to burn'!. The study on combustion behavior of polymers is of great
importance. Pyrolysis is the first step in gasification and in other thermochemical conversion
processes”). The investigation of the influence of operating conditions on the pyrolysis behaviors is
important for the study of the whole combustion process.

Some materials, like polypropylene(PP), poly(lactic acid) (PLA), and poly(acrylonitrile butadiene
styrene)(ABS) were classified as non-charring materials, which residual mass obtained from heating
mg-sized samples at the temperature range from RT to 873 K in an anaerobic environment was found
to be below 5%!'!. These materials’ pyrolysis process will take place in airplane, spacecraft and
low-pressure and high-altitude environment. The ambient pressure in the high-altitude area is lower
than atmospheric pressure. The Chinese city of Lhasa has an altitude of 3650m, and an ambient
pressure of 67kPa, which is 34% lower than the atmospheric pressure (101kPa, 21%0,). And according
to the Rule of Federal Aviation Administration(FAA), the pressure in the cabins of spacecraft equals to
that of the place where the altitude is 1500-2400m!* *. The pressure is related with the pyrolysis
process in polymers’ gasification and heat convection. Much attention has been paid to the pyrolysis
behavior in vacuum or atmospheric pressure environment. Li et al”® conducted some
atmosphere-controlled, radiation-driven gasification experiments on a series of synthetic polymers,
measured the mass loss rate, non-radiation surface temperature, conducted the thermogravimetric(TGA)
and differential scanning calorimeter(DSC) and subsequently completed pyrolysis models. Mork et al'®
used a stainless steel pressure vessel connected with DSC to investigate the effect of pressure on the
heat demands of cellulose pyrolysis, and pointed out that high pressure reduced the heat of pyrolysis
and increased char formation. Some studies have been made in the low-pressure and poor-oxygen
environment, but the key points were focused on the combustion of fuel pool or the fire spread of
polymers. Liang et all”!  conducted some experiments on the poly(methyl methacrylate) to study the

effects of altitude and intersection angle on the flame spread behavior and pyrolysis front



characteristics along corner walls. It pointed out that the high altitude led to a spread rate about half of
that at the lower altitude both for upward and lateral spread irrespective of the intersection angle. Qie et
al® conducted some experiments on the wood to investigate the influence of orientation and altitude on
the pyrolysis and ignition characteristic of wood. The results pointed out that there were shorter
ignition times, faster mass loss rate, and higher surface temperatures in Lhasa than in Hefei. Hu et al'®’
conducted a set of n-heptane pool fire experiments in Lhasa and Hefei to study the combustion and
smoke characteristics at different altitudes and found that with the increase of altitude, burning rate per
area and average flame axis temperature decrease. So far, there are few researches focused on pyrolysis
behaviors in reduced-pressures on non-charring polymers. In this work, a series of experiments on the
black poly(Acrylonitrile Butadiene Styrene)(ABS) in the reduced low-pressure chamber has been
conducted to study the pyrolysis of this polymer under different external heat fluxes. Delichatsios et
all" found that for black non-charring polymers, the transmittance is less than 0.003 when the
thickness is beyond 3mm. This paper assumed that the sample as opaque. The temperature for the

surface and bottom of the sample and the mass loss during the whole process have been measured in
real time. The parameter of 7},, which describes the impact of pressure to the sample surface

temperature is introduced. In addition, the char residue has been observed.

2 Experiments

The experiments were conducted in an intelligent low-pressure lab chamber of the State Key
Laboratory of Fire Science (SKLFS) in University of Science and Technology of China (USTC). The
setup is established manually to simulate the low-pressure environment. The volume fraction of O, has

been controlled at the range of 4%-5%. Fig.1 shows the schematic of the pyrolysis setup.
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Fig.1 Schematic of the experimental setup

The intelligent low-pressure lab cabin is composed of three main parts: the pressure control system,
the vacuum pump and the lab chamber. N, is injected into the chamber through the tube under the
chamber. The pyrolysis setup is composed of 6 items: the radiation source, heat flow meter, electronic
scale, thermal couples gas analyzer and the data collection system. The samples are black ABS sheets

whose sizes are all 100mmx*100mmx3mm. To assure the one-dimension pyrolysis process, all sides



and the bottom of samples have been covered by aluminized paper. And all the paper are 10mm higher
than the samples surfaces with the consideration of the thermal expansion of samples. The 0.5mm
K-type thermal couples have been fixed on and under the samples to measure the surface and bottom
temperature respectively. According to three pre-experiments, the error of temperature is less than 6%.
An asbestos plate is set under samples to create an adiabatic bottom condition. The gas analyzer is set
400mm above the samples to measure the change of contents of O, in real time. The pressure of the
chamber is decreased to 25kPa at first by using the vacuum pump, then N, is injected into the chamber
to rise the pressure up to the natural pressure. Then, the vacuum pump is reset to reduce the pressure to
the work pressure. This paper has set five types of work conditions and each condition has its own

work pressure, which is presented in Tab.1.

Table.1 Work circumstances and its corresponding pressure

Area Altitude[m] Pressure[kPa]
Condition 1(Hefei)* 29.8 98.1
Condition 2(Sining) 2158.6 77.4
Condition 3(Lhasa) 3259.4 65.2

Condition 4 4179.7 55.0
Condition 5 5984.2 35.0

*means the atmospheric pressure.

Radiation heat fluxes are controlled by the heat flow meter. The external radiation source is fixed at
the far left of a slide way in the cabin. It is put right above the sample by a heavy iron block until the
radiation heat flux went stable. The sample has been set right under the center of the radiation source.
The size of the source is 300mmx300mm, and the distance between the source and the sample was
40mm. The test heat fluxes were 18kW/m* and 36kW/m”. The samples weighted before tests. The test

is not finished until the pyrolysis mass loss was larger than 95% of the original mass.

3 Results and Discussion

3.1 Char residues

Fig. 2 Char residues of samples under different heat fluxes in 98.1kPa environment:
(a)18kW/m’® (b)36kW/m’

Figure 2 shows the effect of heat fluxes on the char residues in the environment of 98.1kPa.

Apparently, under the lower heat flow of 18kW/m’, there is a loose layer of char residue left after the



pyrolysis, and some bubbles appears due to the escape of pyrolysis gas. While under the higher heat
flow of 36kW/m’, the char residue of ABS is denser. Under the lower heat flow, the pyrolysis rate of
ABS is slower, so the surface and the inner part of the sample starts to pyrolysis almost at the same
time. In addition, the bottom of the sample is on the condition of heat insulation, so the inner
temperature becomes higher than the surface temperature after a certain time, leading to a faster
pyrolysis rate inside the sample. The inside pyrolysis gas escapes through the sample surface and
causes some bubbles. Under higher heat flow, the pyrolysis rate is faster and the high heat flow leads to
thermal hysteresis. The higher the heat flow is, the more obvious the thermal hysteresis is!'' "
Thermal hysteresis makes the pyrolysis of samples carry through layer by layer. Under a higher heat

flow, the end of the pyrolysis on the surface is earlier than that on the inner part, which results in a

denser and non-bubbles char residue layer.

Fig. 3 Char residues of samples in different pressure environment under 18kW/m”:
(a)98.1kPa  (b)65.2kPa (c)35kPa

Figure 3 shows the influence of pressure to the char residues under 18kW/m?”. Apparently, the sizes
of pyrolysis bubbles get smaller and smaller with the decrease of the pressure. The reason is that the
pressure, which is related to transformation of the convective heat, will rise the sample’s temperature
during the pyrolysis process (More details will be discussed later.). The rise of temperature results in a
faster pyrolysis rate on the surface. The decrease of pressure makes the pyrolysis gases easier to escape,

which keeps gases from gathering inside of the sample. So the bubbles become smaller.

3.2 Surface and bottom temperature

Quintiere!" points out that the temperature of pyrolysis gas releasing from the sample’s inside is
identical with that of the sample’s surface, so the gas temperature can be decided by measuring the
temperature of the surface. Fig.4 shows that under an external heat radiation, the temperature of surface

will suddenly jump to a certain value and then rise slowly. Here the temperature value has been defined
as the pressure characteristic temperature, denoted as 7, , as shown in the Fig.4(a). In this process, the

heat absorbed by polymers in succession has been distributed to heat conduction, heat convection, heat

radiation and samples’ pyrolysis processes. However, in the different pressure environment, under

different heat flows, 7}, and the profiles of surface temperatures behave differently. Obviously, under



18kW/m? heat flow , the values of 7}, show the trend of significant decrease with the increase of

pressure; whereas, under 36kW/m? heat flow, the decrease of 7} can be neglected.
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Fig.4 Profiles of the surface temperature under different pressures: (a)18kW/m2 (b)36kW/m2

Under natural situations, the convective heat transfer coefficient is related to some parameters,
which is shown as follows!'™):
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Where Gt is the Grashof number, Py is the Prandtl number. , is the heat convective coefficient.

As shown in Eq.(1), Gr is proportional to the square of the pressure, so the convective heat transfer
coefficient is proportional to the square root of the pressure. The higher pressure is, the bigger
convective heat transfer coefficient is, and vice versa. The surface control volume of the sample
contacts with air directly, and the heat and mass transfer processes exist. The energy-balance equations

are as follows!'®):
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Where P is the density, C is the specific heat at constant pressure, 7'is the temperature, 7j; is

the mass loss rate. The subscript of §, &, Vis the solid phase, gaseous phase and volatiles

respectively.
Equation (2) and (3) show that under certain heat flow, the convective heat loss increases with the

convective heat transfer coefficient, but 7}, decreases as the convective heat transfer increases. Under

lower heat flow, the inflow energy of the surface is relatively less, so the convective heat transfer

coefficient has a bigger impact on the surface temperature of samples. Thus, pressure has a significant

impact on7},. While under higher heat flow, the inflow energy of the surface is much more, so the

convective heat transfer coefficient has a negligible influence, and the change of 7}, can be neglected.
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Fig.5 Profiles of the bottom temperature under different pressures: (a)18k W/m® (b)36kW/m”

Figure 5 shows that different heat flows have different impacts on the bottom temperatures of
sample. Obviously, at the pressure of 35kPa, the pyrolysis ended earlier than that in the other pressures.
The curves cannot present the starting point of the pyrolysis process, but under lower heat flow, the
massive pyrolysis time of sample can be observed. The massive pyrolysis starts at the time when the
temperature increase ratio reaches gentle after a rapid increase. Then the bottom temperature rises
slowly and the inflow energy has been consumed greatly in the pyrolysis process. Under higher heat
flow, the outflow energy is quite small, so the temperature keeps rising until the sample’s pyrolysis
ends. The pressure has similar impact on the bottom temperature with that on the surface temperature.
However, the bottom temperature is less sensitive to pressure than the surface temperature. The reason
is that on the condition of heat insulation, the inside and the bottom parts of samples have little heat
convective loss. Under the higher heat flow, the loss is negligible, so its bottom temperature change is

not obvious as the pressure changes.

3.3 Mass loss rate
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Fig.6 Profiles of the mass loss rate under different pressures: (211)18kW/m2(b)36kW/m2

The profiles of the mass loss rate under different gas pressures is shown in Fig.6. Obviously, the
external radiation intensity has significant impact on the mass loss rate. Under 18kW/m® heat flow, the
mass loss process mainly takes place between 200-1400s; while under 36kW/m? heat flow, the period
of mass loss process has been moved ahead to 50-350s. Under lower heat flow, the mass loss rate(MLR)
shows a higher sensitivity to the pressure, and MLR decreases as the pressure goes up. The reason is
that the sample’s gross heat loss decreases with the convective heat transfer coefficient, and the
decrease of heat loss influences the sample’s net absorbed heat obviously. So MLR increases as the
pressure goes down. For the sample under 98.2kPa, the climax of MLR occurs at the time around
1050s when the temperature is 418.5°C, which is nearly identical with the results of Sonia Fereres et
all'”,

In addition, Di Blasi et al"® ') point out that the Darcy Law describes how the pressure influences
the pyrolysis gases’ flow inside solid materials. According to the Darcy Law, the velocity equation of
the gas flow is shown as follows:



L—[:_KD dp
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Where ;, is the gas velocity, K, is the permeability, M is the viscosity.

As shown in Eq.(4), the larger the pressure gradient is, the faster the gas velocity is. As the pressure
goes down, the pressure gradient inside the sample and the air goes up, which leads to a faster gas
release rate from the inside of the sample. So MLR increases.

Wieser et all®®! describes that the relationship between the combustion rate 77 and the ambient

pressure P is as follow:
rioop* Q)
Where @ is constant, and the value of @ reflects the sensitivity of pyrolysis rate to the pressure.

This work takes the pyrolysis stage between 2%-95% of the total pyrolysis process to decide the
average pyrolysis rate. Then, the relationship between them can be fitted linearly.
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Fig.7 Profiles of average MRL with different Pa under different heat flows

As shown in Fig.7, for the same sample, different intensity heat flows impose different impacts on
the pyrolysis rate. Under 18kW/m?, ¢ = 1.3, which means under lower heat flow, the pyrolysis rate has
more sensitivity to the pressure. Under the heat flow of 36kW/m?, @ = 0.1, which means under

higher heat flow, the pyrolysis rate has little sensitivity to the pressure.

4 Conclusions

This work has conducted a series of experiment on the black poly(Acrylonitrile Butadiene
Styrene)(ABS) in reduced low-pressure chamber to study the pyrolysis of black non-charring polymers

under different external heat fluxes. The temperature for the surface and bottom of the sample and the

mass loss during the whole process have been measured in real time. The parameter of 7},, which



describes the impact of pressure on the sample surface temperature is introduced. In addition, the char
residue has been observed. The conclusions are as follows:

a.  Under the lower heat flow, there is a loose layer of char residue left after the pyrolysis, and in
addition, there are some bubbles in it due to the escape of the pyrolysis gas. While under higher heat
flow, the char residue of ABS is denser without obvious bubbles on it. Under the lower heat flow, the

size of pyrolysis bubbles goes smaller and smaller with the decrease of the pressure.

b. In the different pressure environment, under different heat flows, 7}, and the profiles of surface
temperatures behave different. 7}, shows the trend of significant decrease as the pressures go up

under lower heat flow. While, under higher heat flow, the decreases of 7}, are negligible. The pressure

has similar impact on the bottom temperature with that on the surface temperature.

c.  Under lower heat flow, MLR shows a high sensitivity to the pressure, and MLR decreases as the
pressure goes up. While under higher heat flow, MLR shows a negligible sensitivity to the pressure.
The pyrolysis rate 77 is proportional to the @ ™ power of the ambient pressure P . For 18kW/m?,
a=1.3.for36kwm? a=0.1.
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