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Abstract.  Self-heating of biomass by chemical oxidation, which can cause sponta-
neous ignition, is a safety and management concern. This process can be accelerated
by aerobic fermentation and water vapor sorption. The chemical oxidation and water
vapor sorption of grass were studied in a laboratory oven, measuring the variations
in weight and the internal temperature of a sphere with grass within a flexible poly-
meric network. Both processes were simulated to prove that the proposed mathemati-
cal model could fit the experimental data. It was observed that the water vapor
sorption capacity of the grass was high, so the experimental increase in the internal
temperature of a spherical body was around 47 K, from 73°C to 120°C. This fact can
be very important because the chemical oxidation of grass accelerates at high temper-
atures. For scaling, simulation programs were used to study the sorption and oxida-
tion processes with an increase in internal temperature in spherical bodies and infinite
plane slabs. These results can be used to obtain those of other geometric symmetries
by interpolation. It was deduced that at 70°C and with vapor sorption, the ignition
time can be around 3 days to 5 days, while without vapor sorption, the ignition times
can be around 110 days to 140 days. For 35°C the ignition times with vapor sorption
can be around 12 days to 18 days, while without vapor sorption the ignition times
can be around 3700 days to 4500 days. These results can be of interest for ware-
houses of similar biomass and for forestry research and management groups of wild-
fires.Graphical Abstract
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List of Symbols

Cp Specific heat in J/kg K
D Effective diffusivity in m?/s

Eox Apparent activation energy of the oxidation reaction in J/kmol
Kegr Effective internal thermal conductivity in W/m K

Kx Mass transfer coefficient in kg water/(s m* (kg water/kg air))
AH,, Heat of the oxidation reaction in J/kg

h Heat transfer coefficient in W/m? K
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NCV  Neat calorific value in J/kg

R Gas constant in J/kmol K.

r Radius of the sphere in m,

SIT Self-ignition temperature in °C or K

T Temperature in °C or K

tad Adiabatic induction period in s

X Ratio in kg water + kg d.s./kg initial d.s

Ocritical  Critical dimensionless parameter for runaway, used in Eq. (1)
Os Density of the solids or bulk density in kg/m?

1. Introduction

The understanding of the causes and conditions of spontaneous ignition is the
subject of research in literature. Spontaneous ignition, or self-ignition, is some-
times the last step of a self-heating process, occurring due to different exothermic
processes, such as aerobic digestion, water vapor sorption and chemical oxidation
[1].

The risk of self-ignition is important for biomass, raw materials (grains, milk
powders, etc.) and wastes (shells, grain and powders, sludge, etc.). It was discussed
that self-heating leading to self-ignition can occur by aerobic fermentation and/or
vapor water sorption followed by chemical oxidation in a large quantity of mate-
rial [1-5] Here, the heat generated by any mechanism is greater than the heat lost
to the environment, and consequently, the temperature increases continuously
until ignition.

Grass has a significant water vapor sorption capacity, and it also undergoes
chemical oxidation. Therefore, this study may be interesting, considering that
grass is also a component of forests and could be the initial cause of wildfires.
Grass and similar biomass materials can be stored in heaps or inside warehouses.
In addition to grass, there are herbs, straws and shrubs in forests which can accu-
mulate in an area. This topic can be interesting for forestry research and manage-
ment groups. These accumulations can potentially cause fires due to a temperature
rise via the mechanisms introduced above in some special cases. The analysis car-
ried out can be applied to all wastes with a high capacity of water vapor sorption.
It must be noted that liquid sorption also causes a rise in temperature, but this
increase is less than with vapor water [6]. On the other hand, coals also have the
ability to adsorb water vapor and increase self-heating and the possibilities of run-
away (uncontrolled increases in temperature), so the procedure used can be useful
for the study of carbonaceous materials.

Numerous works have analyzed self-ignition on the basis of the Frank—
Kamenetskii theory applied to different bodies (spheres, cubes, slabs, etc.). For a
body with a characteristic length (radius, height, thickness) and constant parame-
ters (such as the activation energy, kinetic factor (including terms of fuel and oxy-
gen concentrations), oxidation enthalpy and effective internal heat conductivity),
the temperature of the outer surface is critical to runaway. For temperatures of
the external surface less than the critical temperature, the body can reach a
pseudo-stationary state where there is a stable temperature gradient between the
maximum temperature at the center of the body and the outer surface [7-19].
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The critical ambient temperature T, cicar (given in Kelvin), which coincides
with the external surface temperature, is also called the self-ignition temperature
(SIT) and leads to runaway [20]. It can be defined by:

(1)

8critical =

AHoxonrzkoxps ( Eox )
keffRTi,critical = RTa,Crilical
The critical dimensionless parameter, 0cical, takes the value of 3.32 for a sphere.
AH,, is the heat of the oxidation reaction in J/kg, E. is the apparent activation
energy of the oxidation reaction in J/kmol, k., is the kinetic factor of the reaction
in s7', ps is the density of the solids or bulk density in kg/m?, k. is the effective
internal thermal conductivity in W/m K, r is the radius of the sphere in meters,
and R is the gas constant in J/kmol K.

From Eq. (1), the following equation is derived, which forms the basis for the
EN15188 test method.

2
In SCriticzllT237crj[ical —In AH o« Eoxkox Ps _ Eox (2)
T Rkeff RTa,critical

On the other hand, it is possible to estimate the time necessary to runaway when
there is no loss of heat to the surroundings, that is, in an adiabatic process. This
time is known as the adiabatic induction period of time, t,q, and is defined as fol-
lows:

I _ AHokox Eox < on) 3)

ta G, RTZ PR,

In Eq. (3), T, is the initial temperature of the body in Kelvin and Cp is the speci-
fic heat. The adiabatic induction time is less than that of the real process, where a
fraction of the heat generated is lost to the surroundings. However, it does give an
indication because the real adiabatic induction time for runaway to occur in the
real process is greater than t,q.

The objective of this research was to analyze chemical oxidation and sorption
of water vapor on grass (material with a high capacity for water sorption), to
study their propensity of spontancously combust, and to scale the oven experi-
mental data to big bodies. Methods developed elsewhere [1] have been applied to
the material used to study both water vapor sorption and chemical oxidation,
both separately and, at times, simultaneously. Simulation programs were also used
to fit to the experimental results and to extrapolate the process for large bodies,
where the ambient temperature can be low, or close to room temperature.
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2. Material and Methods
2.1. Material

The material used (Stenotaphrum secundatum) was obtained from the collection
piles of cut grass from the University of Alicante gardens. Table 1 shows the
chemical and physical characterization of the material used.

Elemental analysis was determined using the Perkin-Elmer 2400 apparatus. The
NCV (Net Calorific Value) was obtained using the AC-350 LECO calorimetric
bomb. As shown in Table 1, the oxygen content is 24.4% (calculated as the differ-
ence between 100 and the total percentage of carbon, hydrogen, nitrogen and ash
combined). The ash content was determined using an oven at 550°C. The specific
heat value was determined by the hot water process in an adiabatic vessel, and the
determined value is within the range of those proposed in the literature for differ-
ent types of biomass [21]. The surface area determined by Multi-point BET with
nitrogen is 1.2 m?/g. The real density determined with water is 747 kg/m>, so the
porosity range taking into account the bulk density is 0.82 to 0.97. The moisture
content at room conditions is around 0.1 kg water/kg d.s..

2.2. Apparatus

A diagram of the apparatus used can be found elsewhere [1]. The MEMMERT
oven had a cavity with the following dimensions: 32 cm x 24 cm x 17.5 cm.
Inside the laboratory oven, spherical samples with a diameter between 4 cm and
13 cm were placed inside an inert cubic mesh but maintaining the spherical shape
or in a ball formed by the grass contained in an inert polymeric network with
2 cm orifices, allowing the flux of gases and retaining and pressing the material.
The two blowers were made and inserted into the oven by laboratory personnel.
The weight variation was measured using an Ohaus Pyoneer balance, with a
sensitivity of 0.001 g. The internal temperature of the samples and the tempera-
ture of the oven were measured with K-chromel-alumel thermocouples with a sen-
sitivity of 1°C placed in the center of the body and inside the oven respectively [1].

Table 1
Characterization of Grass

Elemental analysis wt% (dry

solid) Bulk properties

C 42.2 Bulk density 23.6-132 kg/m>
H 49 Heat capacity 1309 J/kg K

N 3.6 Effective or bulk thermal conductivity 0.0550 W/m K
O 24.4 (by difference) Net calorific value (NCV) 1.447 x 107 J/kg

Ash 24.9
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2.3. Methods

Spherical samples were selected for symmetry within the furnace and their ease of
data processing. Some experimental runs were duplicated in the most significant
cases, such as the weight loss due to the oxidation and the water vapor sorption
at 70°C. Temperature measurements were made simultaneously with the weight
loss measurements. With the introduction of the thermocouple into the sample,
there was a slight variation in weight and then there was no longer an appreciable
influence.

The method used to determine the convective heat transfer coefficient was simi-
lar to that shown elsewhere [1]. With wet pieces of aluminum foil were inside a
polymeric network forming a 7.0 cm diameter sphere, the heat transfer coefficient
was 13.4 W/m? K.

The value of the effective or bulk thermal conductivity of the grass inside the
spherical body was determined from the simulation of the runs carried out to ana-
lyze the chemical oxidation. The simulation also considered the heating and cool-
ing processes of the samples where the heat transfer predominates at temperatures
less than 120°C, when the chemical oxidation is negligible. The effective thermal
conductivity value was 0.0550 W/m K, which minimizes the differences between
the experimental and calculated values. A detailed analysis is carried out in
Sect. 3.3. Thermal conductivity was also determined by a modified transient plane
source (MTPS) method, determining the thermal effusivity [22]. The values
obtained for non-ground and ground (to 2 mm diameter particles) and pressed
grass samples were 0.0442 and 0.0683 W/m K, respectively. These values are close
to the value 0.0550 W/m K of the effective thermal conductivity determined from
the comparison between the experimental and calculated values of non-ground
samples (Sect. 3.3). All the experimental runs presented in the following section
were carried out with non-ground samples.

Water vapor sorption was determined using dry, spherical samples formed on a
polymeric network. These samples were placed on a rack above a balance to
record the weight gain. Through two curved tubes, hot water was introduced into
the aluminum foil trays located at the bottom of the oven, generating an atmo-
sphere with a high water vapor concentration inside the oven. Liquid water had
no contact with the sample. In the spherical body, there was a considerable
increase in temperature within the sample. When the initial hot water temperature
was higher than the oven temperature, the water temperature dropped rapidly to
the oven temperature and then very slowly to 10°C to 15°C below the oven tem-
perature. The humidity was maintained at 100% during the first part of the exper-
imental run and then was slowly decreased to 80% to 70%. In the experiments
where the initial temperature of the hot water was equal to the oven temperature,
the temperature was very slowly decreased to 10°C to 15°C below the oven tem-
perature, with humidity from 100% to 70% to 60%. For the experiments carried
out at temperatures higher than 100°C, the partial pressure of water was around
340 mm Hg to 500 mm Hg. Equilibrium was reached when a constant weight was
reached. The decrease in the temperature of the hot water is due to its vaporiza-



1368 Fire Technology 2022

tion to maintain the humidity, which decreases as a consequence of the vapor
sorption of the sample.

The chemical oxidation of the material was measured by the decrease in weight
of the spherical samples within the polymeric network while also measuring the
internal temperature.

The simulation program used, along with Excel spreadsheets, is similar to that
indicated in [1], both without, and with, water vapor sorption. When applied to a
spherical body, the simulation considers 20 elements with the same dry solid mass,
the mass and energy balances for each element, the mass and heat flows, and the
temperature increase due to water vapor sorption and chemical oxidation.

3. Results and Discussion
3.1. Experimental Values and Analysis of Water Vapor Sorption

Different tests were carried out with grass in order to observe the increase in tem-
perature inside spherical samples, when hot water was introduced inside the oven.
Figure 1 shows the results of an experimental run carried out with 31.2 g of dry
material in a 13 cm diameter sphere (density of 27 kg/m®). An increase in mois-
ture can be observed from practically 0 to 0.10 kg water/kg dry solid when hot
water at 85°C was added to the foil trays. The internal temperature of the grass
sample went from 71°C, which was the temperature of the stabilized oven, to
112°C, showing an increase of 41 K. Subsequently, the temperature slowly drop-
ped to the oven temperature. It was also observed that the initial moisture
increase is very fast, coinciding with the temperature peak, and then it slowly
increases until the final moisture content is reached. Liquid water was not in con-
tact with the sample. These experimental runs were carried out using samples of
three different sizes and adding the hot water at 71°C or 85°C (with possible for-
mation of small drops). Similar moisture curves and temperature peaks to those

. 180

-~ e= Exp. moisture

@

< Exp. temp.

ée 0 PP Y o lay

= 1 ond 0

g et L 140 &

z "' g
=

£ ' g

g g

*é 0.05 L 100 E

S &

&

2

@n

3

= 0 . [ 60

0 2000 4000
Time (s)

Figure 1. Sorption of water vapor in a low density ball of grass
(density 27 of kg/m3).
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shown in Fig. 1 were obtained. Table 2 shows the temperature increases of these
experimental runs.

In the experimental runs carried out with the smallest grass spheres, the addi-
tion of hot water at 85°C resulted in the moisture rising to 0.127 and then
decreasing to around 0.1 kg water/kg dry solid. This trend could probably be
explained by the consequence of an initial water condensation at the outer layers
followed by water sorption, whereas for the larger grass sphere, the condensation
did not take place as intensively, because the outer layers are less significant with
respect to the whole particle.

In order to determine the relative importance of the two phenomena (condensa-
tion and water sorption), a denser ball of slightly compressed grass was prepared,
as this may correspond to real samples in bales, stacks or other situations contain-
ing compressed material. This sample compression minimizes the phenomena of
water condensation with respect to vapor sorption. The sorption of water vapor in
saturated surroundings is also complicated by condensation, and for this reason,
equilibrium data of many substances are only determined from 0% to 95% rela-
tive humidity [23-27].

A 7.0 cm diameter grass sphere was prepared within an inert polymeric network
to study the vapor sorption at 73°C, after the addition of hot water at around
85°C to the aluminum foil trays. Here, the water temperature dropped to around
75°C and then slowly decreased further to 55°C to 65°C. The density of this ball
was 132 kg/m>. All the following data presented in this paper, both experimental
and simulated data, refer to these spherical balls with a density of 132 kg/m? (this
is higher than those used to obtain the data in Fig. 1 where the spheres had a low
density of 27 kg/m?). Figure 2 shows the variation in the moisture in the solid,
and the internal temperature.

To ensure the relatively large increase of 47 K was correct, the experimental run
was repeated and the result was the same.

Note that the exothermic condensation and mainly the sorption process cause
the increase in temperature to a peak, but the exothermic sorption process contin-
ues with the increase in moisture.

Table 2

Final Moisture Content and Changes in Temperature due to Sorption
of Water by Samples of Grass Without Any Compression (Oven
Temperature = 71°C)

Moisture after adding hot water Moisture after adding hot water

at 71°C at 85°C
Diam. Mass (g) Density (kg water/kg Temperature (kg water/kg Temperature
(cm) dry solid (kg/m®)  dry solid) increase K dry solid) increase K
7 5.061 282 0.105 21 0.127-0.097 30
9 9.026 23.6 0.106 33 0.127-0.108 40

13 31.172 27.1 0.103 35 0.104 41
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Figure 2. Variation in moisture content and temperature versus time
for the water adsorption run carried out at 73°C (density of 132 kg/
m3).

Lohrer et al. [28, 29] also studied the influence of liquid and water vapor sorp-
tion on the self-ignition with German lignite coal. In an experimental run with
100 ml, the rise in temperature in the center of the sample was 33 K, from 77°C
to 110°C, when the relative humidity was increased from 18% to 99%. The shape
of the variation in the experimental temperature is similar to that shown in Fig. 2,
but there is no data on the moisture variation of the solid.

Miura [27] observed an increase in temperature from 38°C to over 60°C with
samples of pre-dried and cooled coal (100 mg) when exposed to saturated air at
38°C, concluding the importance of water sorption in the spontaneous heating.
The shape of the variation in the experimental temperature is also similar to that
shown in Fig. 2, but there is no data on the moisture variation of the solid.

Fu et al. [5] presents the temperature increase inside a eucalyptus bark pile due
to the water vapor as the ambient humidity increases, emphasizing the importance
of vapor sorption favoring spontaneous ignition.

Figure 3 shows the results obtained in the experimental run with an initial tem-
perature of 120°C and a final temperature of 114°C. However, in this case, the
temperature increase in the center was 27 K. This is less than the 47 K change
seen with the experimental run carried out at 73°C due to less water being adsor-
bed.

Figure 4 shows another water adsorption experimental run performed using a
7.0 cm diameter sphere (23.6 g) and an initial high temperature of 152°C, coincid-
ing with the oven temperature that was maintained quasi-constant during the run.
After adding hot water to the aluminum foil trays, the internal temperature rose
to a peak at 170°C, and then decreased to 138°C. The temperature of the hot
water added was around 85°C during the period of time considered in the experi-
mental run. The ratio ((kg water + kg dry solid)/initial dry solid) versus time was
used to assess the water adsorption and the initial decrease in weight prior to the
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Figure 3. Variation in moisture content and temperature versus time
for the water sorption run carried out at 120-114°C (density of
132 kg/m3).
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Figure 4. Variation in X (kg water + kg d.s.)/kg initial d.s. versus
I'il;le for a run with initial temperature of 152°C (density of 132 kg/
m°).

addition of hot water, as a consequence of chemical oxidation. The estimated
value for the sorption capacity at 138°C was evaluated at the moisture peak
observed in Fig. 4, which was the objective of this complex run. Nevertheless, the
sorption capacity is low (around 0.0237 kg water/kg dry solid).

For different oven temperatures, Fig. 5 shows the moisture content correspond-
ing to the equilibrium with water vapor versus the sample temperature, deducing
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Figure 6. Variation in moisture and temperature for the run carried
out at 73°C: experimental and calculated values (density of 132 kg/
m3).

a decreasing variation as expected. These data must be considered as an estimate
of water sorption for high values of air humidity.

3.2. Simulation of the Water Sorption Process

The simulation program used was similar to that shown in [1]. The simulation is
complex considering the mass and heat transfer and also taking into account that
the moisture content cannot be greater that the equilibrium content. The enthalpy
of sorption is also assumed to be equal to the enthalpy of condensation at the
corresponding temperature.
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Figure 6 shows the simulated results of the experimental run performed at
73°C. The variation in the moisture in the sample and the internal temperatures of
two elements are also shown. The two elements considered are the inner element
at the center of the body (element 20) and the element adjacent to the center (ele-
ment 19). The values of the heat transfer coefficient, 13.4 W/m?> K, and effective
thermal conductivity 0.0550 W/ m K, were those presented previously. The mass
transfer coefficient K and the effective diffusivity were determined to obtain an
acceptable fit of the experimental data, with the values of K, and the effective dif-
fusivity Dey taken to be 0.00958 kg water/(s m> (kg water/kg air)) and
7.710 x 10~ "m?/s, respectively.

It can be seen that the simulation is satisfactory for the first part of the simu-
lated run, but the final moisture cannot be obtained with the equilibrium data
considered. Figure 7 presents the simulated results when the equilibrium data of
the moisture is increased by a factor of 1.1 to 1.1 x 1263(T) >%¢'¢ (where T is
given in °C). In this case, the simulation is satisfactory for the entire simulated
run. Although there is a small deviation in the moisture-time variation in the first
part of the simulated run, the variation of temperature is similar to that shown in
Fig. 6.

Figures 8 and 9 show the simulated results corresponding to the variation
shown in Fig. 7. Figure 8 also shows the variation in the moisture in both the
external and internal elements, showing the corresponding differences. Figure 9
shows the variation in moisture content with respect to temperature, with the vari-
ation in equilibrium for different elements. It can be observed that there is an ini-
tial period with increasing variation in moisture and temperature to reach the
equilibrium curve, and from this point onwards, the variations are equal to those
shown by the equilibrium curve. The simulated results are in accordance with the
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Figure 7. Variation in moisture and temperature versus time for the
run carried out at 73°C, increasing the sorption capacity by a factor
1.1 (density of 132 kg/m>).



1374

Moisture content (kg water/kg d.s.)

Fire Technology 2022

e= Exp. moisture
- - - Calc. moisture

------- External element

014l - Internal element

0 T

0 5000
Time (s)

10000

Figure 8. Variation in moisture and temperature for the run carried
out at 73°C: experimental value and calculated values for external
and internal elements (density of 132 kg/m>).

Moisture content (kg water/kg d.s.)

------- External element

0.1

0.05 -

Intermediate element 2
Intermediate element 4
—— Intermediate element 14
----- Internal element 20

e E quilibrium

70 90 110
Temperature (°C)

130

Figure 9. Simulated variation in moisture versus temperature for the
run carried out at 73°C (density of 132 kg/m3).

initial hypothesis included in the simulation program, but the detailed variation

can be observed.

Lohrer et al. [28] have numerically simulated the temperature variation in the
center of the 100 ml German lignite sample with water vapor sorption, also
obtaining variations in the experimental and simulated values similar to those

shown in Fig. 6.



Analysis of Spontaneous Combustion of Grass 1375

Fu et al. [5] have deduced numerically a temperature rise from 30°C to 74°C
when varying the ambient humidity in a eucalyptus bark pile, showing the impor-
tance of water vapor sorption and favoring the microbiological activity and the
chemical reaction in the days following the temperature rise.

3.3. Kinetics of the Process

The oxidation kinetics was deduced from different experimental runs carried out
at different temperatures by measuring the weight loss over a long period of time,
either with or without the addition of hot water. The reaction rate was calculated
from the constant linear variation in the relative weight loss with respect to the
initial mass versus time, taking into account that the oxidation degree is small. In
the experimental runs carried out at high temperatures, blackening of the sample
was observed, showing carbonization as in many processes with the release of car-
bon oxides. The kinetics determined at different temperatures is analyzed consider-
ing the global reaction that implies a weight loss. Figure 10 shows the variation in
the reaction rate with respect to the inverse of the absolute temperature. Only two
runs with vapor sorption were performed to confirm that there is not a significant
influence on the thermal oxidation, one at 122°C with 341 mm Hg vapor pressure
and the other at 152°C with water vapor sorption with 450 mm Hg vapor pres-
sure as indicated in Fig. 4.

Vance et al. [30] studied the effect of the moisture content on the spontaneous
combustion of coal, observing that at low moisture contents of 4.5 and 5.5%, the
temperature—time profiles during spontancous heating are similar, although the
data are not compared with dry samples.

The value of the slope and, consequently the apparent activation energy are
similar to those derived with almond shells using the same apparatus and proce-
dure [1]. The value of apparent activation energy is 94 kJ/mol, which is a value
close to the activation energies obtained by different authors with biomass and
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Figure 10. Variation in the reaction rate versus the inverse of
absolute temperature.
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some types of coal (85 kJ/mol to 99 kJ/mol) [14, 16, 31], but less than the value
obtained with other types of coal (105 kJ/mol to 139 kJ/mol) [7, 11, 14, 16]. Note
that the similarities are a consequence of a similar oxidation process with the lig-
nocellulosic compounds.

Schwarzer et al. [32] studied the low temperature oxidation of biomass from
150°C to 250°C, obtaining an apparent activation energy of 130 kJ/mol for the
lumped volatilizable component (extractives + hemicellulose + lignin + cellu-
lose). Wang et al. [33] analyzed the mechanism of the low-temperature oxidation
of coal below 100°C, considering two parallel reactions, direct burn-off and
chemisorption sequence. Considering the similarity of the apparent activation
energy between biomass and carbon, it is possible that the mechanisms were simi-
lar, although this aspect deserves to be investigated.

Figure 11 shows the experimental results of the temperature variation in a
7.0 cm diameter grass ball over time in a long experimental multi-step run with
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Figure 11. Variation in moisture content and temperature for a long
run carried out at different temperatures (density of 132 kg/m3).
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different final temperatures. In this run, the initial temperature was low, and dur-
ing the heating stage controlled by the oven taking into account the temperature
inside the oven and the set temperature, the sample was dried. The simulated
results were obtained with the same simulation program. The values of C, and h
were 1309 J/kg K and 13.4 W/m? K, respectively. The value of the mass transfer
coefficient was 9.58 x 107> kg water/s m” (kg water/kg dried air) and the value of
the internal diffusion was 3333 x exp(— 10,000/T) kg water/(s m*(kg water/m>)).
This part of the simulation does not interfere with the vapor sorption and the oxi-
dation processes considered in this research.

Considering mainly the data from 8000 s onwards (after the drying process), the
effective thermal conductivity ks value was deduced from the comparison
between the experimental variation in the temperature over time, with the one
deduced by simulation. The optimal k.g value was obtained where the agreement
between experimental and calculated variations was the best. This optimal kg
value was 0.0550 W/m K, a value inside the interval deduced by thermal effusivity
(0.0442 W/m K to 0.0683 W/m K) as commented previously [22].

On the other hand, it can be observed that after a period of time, the experi-
mental internal temperature is higher than the oven temperature as a consequence
of the exothermic oxidation reaction. A reaction enthalpy value AH,, of
6.584" x 10° J/kg (around 45.5% of the NCV) was also deduced, considering the
rise in temperature with respect to the oven temperature. A good fitting with the
deduced parameters can be observed considering the variation in elements 20 or
inner temperature and element 19, adjacent to the inner element. Note that in
these experimental runs, the increase in temperature of the inner element is deter-
mined when a pseudo stationary state was reached. Probably, with an ambient
temperature of 193°C to 194°C the runaway would be reached. The proposed
method can be useful to analyze the self-ignition without the need to reach a fire
inside the oven.

3.4. Self-heating Analysis Considering the Maximum Temperature Rise

In this section, the same analysis performed in the previous almond shells study
[1] was used on the grass samples and the results are presented. In a case without
runaway, the spherical body, after a long period, reaches a pseudo-steady state
with a temperature gradient between the outer surface and the center of the
sphere. From a heat balance and taking into account the heat evolved in the
chemical oxidation, the deduced equations useful for the analysis of the tempera-
ture rise are the following:

T — Tt
Teenter — Touter = center—Zkamblent (4)
1+

and
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In (5)

6(Tcemer - Touter) ~In AHOX Ps k _ EOX
12 N keff o RTay

Estimated values of E. /R and the parameter AH, pkox/Ker, can be obtained for
the characterization of self-heating and spontaneous combustion.

Table 3 shows the experimental results of the measured temperatures and the
deduced parameters. The T,, values have been calculated as 0.8 x Teen.
ter + 0.2 x Tamb, taking into account the exponential variation in the heat released
when the temperature changes.

Figure 12 shows the variation in In (6*(Tcenter — Touer)/(r?)) as a function of 1 /
Tave-

Figure 12 also shows the predicted variation in In (6*(Teenter — Touter)/(r2)) With
(1/Tave) according to Eq. 5 for different absolute temperatures. For the predicted
variation, AH,, is taken to be 6.584 x 10° J/kg, ps is 132 kg/m3, kox 1S
9.485 x 10%s™!, E/R is 11374 K and ke is 0.0550 W/m K. The values of AH,,
and k. were derived from the simulation shown in Fig. 11, whereas the kinetic
parameters k., and E,,/R were deduced from the kinetics of weight loss shown in
Fig. 10. The value of AH,pkox/kerr is 1.502 x 10'° K/m? It can be seen in
Fig. 12 that the two variations are close to each other.

Both E./R values of 11,374 K (deduced from the weight variation shown in
Fig. 10) and 10,119 K (deduced from the variations in temperature shown in
Fig. 12, experimental points) are close, showing that the data, in spite of the dif-
ferences in the E/R values, are consistent. The parameter AHypskox/kesr deduced
from the simulation runs is 1.502 x 10" K/m?, while the value considering the
variations in temperature increase is 9.83 x 10'> K/m?. These values of AHp.
kox/Ker show a small, but significant difference, due to the differences in the E/R
values.

From the analysis of the data and the relative incidence of the different parame-
ter used, the most important factors in the increase in temperature are the mass of
sample used, the Cp/key ratio, the AHckoy/kex ratio and the activation energy
Eox. Taking into account all the experimental errors, the parameters obtained can

Table 3
Experimental Temperatures and Calculation of Parameters (Mass Dry
Solid = 0.2376 kg and Radius, r = 0.035 m)

6* (Tcenler - To uler)/

Ta\mb- Tcemer Tcenter - Tamb. Tcenter - Tnuler Touter Tave. (rZ)

O O (K) X) O (K) (K/m?)
190 203 13 10.79 192.20 473.99 52,881
180 186 6 4.98 181.01 458.15 24,406
170 174 4 3.32 170.67 446.48 16,271
160 162 2 1.66 160.33 434.82 8135
150 151 1 0.83 150.16 423.98 4067
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Figure 12. Variation in In (6*(T cnter — Touter)/(r?) versus 1/Tqye.

be considered as values proposed with an error of around 10% to 15%. Neverthe-
less, the values are coherent as can be observed in Fig. 12, and they are useful to
analyze the self-ignition process.

The self-heating and thermal runaway of four types of biomass without vapor
sorption have also been studied by Schwarzer et al. [34] at the lab-scale and mod-
elled satisfactorily, taking into account all the external and internal mass and heat
transfer in cylindrical samples.

4. Scaling

Two simulations programs have been used: (a) a new program considering an infi-
nite plane slab and (b) a similar program considering a sphere [1].The parameters
considered were the same as those used previously in the experimental runs
explained in the previous sections, where the mass transfer coefficient K, for water
vapor is taken as 9.58 x 107% kg water/(s m? (kg water/kg dry air)) and the inter-
nal diffusion coefficient, Deg, is 7.710 x 1077 m?/s. To calculate the sorption equi-
libria, the moisture content is (kg water/kg d.s.) = 1263 x (temperature in °C)~
22316 the heat transfer coefficient is 13.4 W/m2 K, the effective internal thermal
conductivity is 0.0550 W/m K, the enthalpy of oxidation is 6.584 x 10° J/kg, the
pre-exponential kinetic factor is 9.485 x 10%* s~! and the E,,/R value is taken as
11,374 K. The influence of the external heat transfer is small, so the temperature
of the outer element is close to the ambient temperature.

Figure 13 shows the variation in the radius of the sphere and the half-thickness
of an infinite slab versus the critical temperature for ignition without and with
vapor sorption.

The plotted points corresponding to the results without vapor sorption are
those obtained by Eq. (1) when the ambient temperature equals the temperature
of the external surface of the body. The values of .gca; for the sphere with
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Figure 13. Variation in the sphere radius and the slab half-thickness
versus the critical ambient temperature.

radius r and for the infinite plane slab of width 2r are 3.32 and 0.878 respectively
[20, 35]. The values of the critical temperatures have been tested with the simula-
tion programs with an error less than 0.5°C to 1°C when considering high values
of external heat transfer, such as 100 W/m?K. Considering the value of the indi-
vidual heat transfer of 13.4 W/m?K used in the simulations carried out in this
work, the incidence in the value of the critical temperature is less than 2°C to 3°C
and only for small samples with sphere radius or half-thickness less than 0.1 m.

The critical temperature obtained with water vapor sorption was estimated with
an error of £ 0.5°C, so 0.5°C higher ignition was observed and 0.5°C lower igni-
tion was not detected. Note that determining the critical temperature is not easy,
because at the critical temperature, the time necessary to reach the ignition is infi-
nite.

From Eq. (1), the following equation can be deduced:

r keffR 0.5 %
60'5 |:AHoxonkox Ps a,crieal €XP RTa,critical ( )

critical

This means that for different bodies and with the same physicochemical parame-
ters, for the same critical ambient temperature T, ciitica, the same value of 1/d¢i
e’ is obtained for different geometries. Consequently, considering the values of
Ocritical Of 3.32 for a sphere and 0.878 for a slab, the same value of the critical tem-
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perature corresponds to an infinite slab with a half-thickness r and for a sphere
radius /(3.32/0.878)"°, which means r/1.944.

According to the previous analysis, Fig. 14 shows the variation in r (half-thick-
ness of a slab) and r (sphere radius)/1.944 versus the critical temperature for both
cases without or with water vapor sorption.

The fitting equations for the Fig. 14 are shown in Table 4, considering the
inverse of the absolute temperature.

The variations observed in Fig. 14 for the sphere and slab are close to each
other. Note that for T, citicar higher than 110°C, the incidence of the vapor sorp-
tion is very small or negligible compared to the results without vapor sorption. It
can be observed that vapor sorption favors self-ignition by lowering the critical
temperature for the same body size. This effect was experimentally observed by
Lohrer et al. [28, 29] with German lignite coal.

Figure 15 shows the variation in the ignition times for different cases: without
and with vapor sorption with a heat transfer coefficient of 13.4 W/m?K, and the
adiabatic case. Ignition times have been calculated at 5°C above the critical tem-
perature, as shown in Fig. 13, for each value of half-thickness slab or sphere
radius/1.944.

The equations obtained from the fitting of the simulated results of ignition
times are shown in Table 5.

From Fig. 15, it can be observed that the variations deduced for the sphere and
slab are close to each other. Without vapor sorption, both variations are above
the variation corresponding to the adiabatic process, which is consistent due to
the heat loss.

OSphere.Radius/1.944 vs. Ta,critical without vapor sorption
® Sphere. Radius/1.944 vs.Tacritical with vapor sorption
OSlab. Half-thicness vs. Ta,critical without vapor sorption

m Slab. Half-thickness vs. Ta,critical with vapor sorption

10
E
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[=T4]
=
2
=
D
g
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Figure 14. Variation in the sphere radivs/1.994 and the slab half-
thickness versus the critical ambient temperature.
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Table 4
Fitting Equations: Variation of the Sphere Radius/1.994 and the Slab
Half-Thickness Versus the Inverse of the Critical Ambient Temperature

y = sphere radius/1.944 or infinite slab half-thickness (m)
X = l/Ta.crilical (K_l)
R2
Without vapor sorption
From Eq. (1) and simula-  y=2.414 x 1077 exp(5298x) (7) 0.9999
tion:
Exact solution from y =2.267 x 107 exp(5687x) (8)
Eq. 4)
With vapor sorption, with heat transfer coefficient = 13.4 W/m*K
Sphere y = —2.861 x 108x* +2.740 x 10°x? — 7.770 x 10°x + 6.905 (9)  0.9998
Infinite plane slab y = —2.765 x 108x3 +3.071 x 10°x?> — 9.519 x 10°*x +9.055 (10)  0.9999

O Sphere. Ignition time vs. (Ta,critical +5) without vapor sorption
®  Sphere. Ignition time vs. (Tacritical +5) with vapor sorption
O Slab. Ignition time vs. (Tacritical +5) without vapor sorption
®  Slab. Ignition time vs. (Tacritical+5) with vapor sorption
= = = Adiabatic induction time
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Figure 15. Variation in the ignition times versus temperature:
without and with vapor sorption.

The simulated adiabatic ignition times calculated are 6% to 10% greater than
those calculated by the approximate Eq. (3).

It can be deduced that with vapor sorption the ignition time is much shorter
than without vapor sorption.

Table 6 shows the corresponding sizes for different geometries and the ignition
times, taking into account that the two geometries analyzed, infinite slab and
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Table 5
Variation in Ignition Time Versus the Inverse of the Critical
Temperature

y = Ignition time (s)
X = l/Ta.critical (K_l)
R2

Without vapor sorption with heat transfer coefficient of 13.4 W/m*K:
Sphere y =4.217 x 1077 exp(10556x) (11) 0.9999
Infinite plane slab y = 6.152 x 1077 exp(10503x)  (12) 0.9997
Without vapor sorption in an adiabatic process (heat transfer coefficient = 0)
Adiabatic ignition y = 2.400 x 1077 exp(10572x) (13) 0.9994

time: sphere and

slab
With vapor sorption, with heat transfer coefficient of 13.4 W/m>K
Sphere y = 1.142 x 10"5x3 — 7.749 x 10"?x% + 1.754 x 10'x — 1.325 x 107 (14)  0.9999

Infinite plane slab y = 1771 x 108x% — 1.229 x 1013x% +2.851 x 10"°x — 2.212 x 107 (15)  0.9999

sphere, represent the two extreme values of Jgigcal, giving close results. Table 6
also shows the comparison factor for the different geometries, so r for infinite slab
and r/comparison factor is the value y for Egs. (8-10). For the critical tempera-
ture 65°C without vapor sorption, the dimensions for the different bodies have
been calculated by Eq. (8). The values shown are the exact values. The ignition
times for 70°C (5°C above the critical temperature) without vapor sorption have
been calculated by Eq. (11) for the sphere and Eq. (12) for the infinite slab. For
the rest of the geometries, the estimated values have been obtained by linear inter-
polation between the two extremes values, slab and sphere, and considering the
values of Ogsitical-

For vapor sorption with heat transfer coefficient of 13.4 W/m?K, the dimension
r is calculated by Eq. (9) for the sphere, Eq. (10) for the slab and by interpolation
for the remaining geometries considering the values of d.iscai- For the calculation
of the ignition time with vapor sorption, Eq. (14) for the sphere and Eq. (15) for
the slab have been used, and for the other geometries the ignition times are
obtained by interpolation considering the values of d¢igical-

From Table 6 (ambient temperature 70°C), it can be observed that the ignition
times with vapor sorption (3 days to 5 days) are much shorter than when there is
no vapor sorption (110 days to 140 days).

Table 7 shows the results for geometries with dimensions corresponding to a
critical temperature of 30°C and with an ambient temperature of 35°C. It can be
deduced that without vapor sorption the ignition times are very long (3700 days
to 4500 days), which indicates that only by self-heating, final self-ignition is unli-
kely to occur. However, with vapor sorption, ignition times can be about 12 days
to 18 days. These results can be considered as an estimate that mainly indicates
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Figure 16. Variation in moisture and temperature versus time for an
infinity plane slab with half-thickness of 1.147 m, ambient
temperature of 35°C and ignition time of 17.4 days.

the significant influence of vapor sorption, accelerating self-heating of the grass
leading to self-ignition.

Figure 16 shows the results for the infinite slab with half-thickness of 1.147 m
and an ambient temperature of 35°C with the rest of the parameters indicated in
the first paragraph of this section. The ignition time is 17.4 days and note that
there is an increase in the moisture to approximately 0.062 kg water /kg d.s, caus-
ing an increase in the average temperature from 35°C to about 86°C and, conse-
quently favoring the chemical oxidation that leads to self-ignition. Note that water
vapor diffusion was considered in all cases, whereas it was assumed that oxygen
gradient effect was negligible.

The above results discuss the significant influence that vapor sorption can cause
on self-ignition. In warehouses or in forests, the environmental conditions can be
very different to those indicated in this paper, and the temperature rise may not
be as great. Fortunately, self-ignition cannot easily happen and special conditions
must be met. Solar radiation can help increase the temperature and dry the mate-
rial, so it can also favor the subsequent sorption of water vapor from the humid-
ity of the air or from humid gases given off in fermentations. Climate change with
an increase in environmental temperature can favor both processes: initial drying
and oxidation.

On the other hand, the analysis carried out without or with water vapor sorp-
tion, can be useful the assessment and quantification of fire risk, in a manner sim-
ilar to that presented by Restuccia et al. [7] in carbon-rich soils and Yuan et. al.
[36] in peat where the biological process was also considered.
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5. Conclusions

The knowledge of the causes of self-heating and self-ignition in warehouses with
ligno-cellulosic materials and forests is interesting to reduce the risk of fires. Grass
is a waste or material that can be stored for animal feed, composting and fuel,
and similar ligno-cellulosic materials are present in forests. Though runs carried
out in a laboratory oven, chemical oxidation and water vapor sorption were stud-
ied.

With 7 cm diameter grass spheres, increases in internal temperature were
observed from 50°C to higher temperatures and the weight loss was determined
from 120°C to 180°C, deducing an activation energy around 94 kJ/mol by two
independent methods.

Grass also has a considerable water vapor sorption capacity, which is why a
large increase in temperature of the internal part of a 7.0 cm diameter dry spheri-
cal body was observed in an experiment when hot water was introduced into the
oven. This increase was approximately 47 K from 73°C to 120°C.

By scaling, the significant incidence of the vapor sorption was observed by
greatly shortening the ignition times from months to days. It was deduced that at
70°C and with vapor sorption, the ignition time can be around 3 days to 5 days
and at 35°C the ignition times with vapor sorption can be around 12 days to
18 days. These data can be interesting to analyze the risk of fires and mainly when
there is a change in the air humidity.
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