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A B S T R A C T

Self-heating/spontaneous combustion of almond shells in a laboratory oven with control of temperature and
weight variation was studied. Two processes were considered: water vapor sorption and chemical oxidation.
Different runs were made to analyze the vapor sorption at different oven temperatures, measuring weight gain
due to sorption and the variation in internal temperature. With respect to oxidation kinetics, three studies were
carried out: the rate of weight variation with temperature, the variation of temperature in a runaway test carried
out with a spherical sample wrapped in perforated aluminum foil, and a series of runs to analyze temperatures
within spherical samples.

A simulation program was developed for the analysis of the sorption run and the kinetic run. In addition, the
simulation program was used for the expected runaway condition for a 3–4 m diameter body, discussing the
influence of the presence of water vapor.

1. Introduction

Spontaneous combustion or self-ignition has been considered by
different authors in the literature. In the self-heating process, there is an
increase in temperature, and when this increase is very high the ma-
terial is ignited; this process is called spontaneous combustion.

The study of the self-heating process is very important in many
industries, as large amounts of solids are stored inside silos or heaps
outdoors or inside warehouses. It can also be important in forests,
where there may be an accumulation of organic material of different
origins.

Different mechanisms can be distinguished in the processes of self-
heating: aerobic digestion, water vapor sorption and chemical oxida-
tion.

Aerobic digestion of different wastes is carried out by different
microorganisms and can lead to a rise in temperature from room tem-
perature to 60–75 °C. Sorption of water vapor in a dry solid can cause
an increase of 30–50 °C or more. By chemical oxidation of dry or wet
solids, the temperature can rise above 220–240 °C with consequent
onset of spontaneous combustion.

Aerobic fermentation requires carbon to produce energy, nitrogen
for the generation of more microorganisms, atmospheric oxygen to
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oxidize the material and moisture of around 40–60% to maintain the
aerobic fermentation process. The phases of the exothermic aerobic
process are the following: an initial rise from room temperature to
40–50 °C in the mesophilic range (1–2 days), a second rise to 60–75 °C
in the thermophilic range (3–5 days) and a maturation process (3 or
4 weeks) in the mesophilic range (40 °C to room temperature). Carbon
dioxide, ammonia and water are the main products of the fermentation
process. The literature on this process is very extensive, and some pa-
pers referred to herein consider the characteristics of the process.

Many references have analyzed the self-heating of biomass materials
due to the sorption of water vapor. This self-heating can be an inter-
mediate step in the ignition of the solid. Table 1 shows some references
on different aspects of the sorption process of biomass samples: equi-
librium data, kinetics of the vapor sorption process and temperature
increase:

With respect to chemical oxidation, it has been observed that there
are many interesting references to the oxidation of coal, so both coal
and biomass oxidation papers have been reviewed. In the initial char-
acterization of the solids for chemical oxidation, different parameters
and analyses can be studied: composition, elemental analysis, prox-
imate analysis, net calorific value (NCV), the Maciejasz Index, the
emission temperature of flammable volatile compounds different types
of thermal analysis, minimum ignition temperature of a dust layer, etc.

Many authors have analyzed self-ignition considering the Frank-
Kamenetskii theory of criticality [6,7]. This theory was developed for
thermal explosion and is based on some considerations: evolution of
heat with the Arrhenius equation rate, heat loss assuming that the ex-
ternal temperature coincides with the ambient temperature, and the
internal heat transfer of Fourieŕs law. Depending on the ambient tem-
perature, the system can reach a pseudo-stationary state below the ig-
nition point where the heat generated is equal to the heat lost. Above a
critical ambient temperature, the heat generated is greater than the
heat lost, and the temperature of the solid increases continuously and
the ignition process takes place.

The critical behavior for an ambient temperature Ta,critical (K), also
called the self-ignition temperature (SIT), which leads to spontaneous
combustion, can be expressed as:
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The critical dimensionless parameter δcritical takes the value of 3.32
for a sphere. The parameter r is the radius of the sphere (m), ΔHox is the
heat of reaction (J/kg), Eox is the activation energy (J/kmol), kox is the
pre-exponential factor of the chemical reaction rate (s−1), keff is the
thermal conductivity (J/s m K) and R is the gas constant (J/kg K).
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⌈ ⌉ = ⌈ ⌉ −
δ ρ

ln
T
r

ln
ΔH E k

Rk
E

RT
scritical a,critical

2

2
ox ox ox

eff

ox

a,critical (2)

The EN15188 test method considers different volumes in an iso-
thermal oven. Taking into account the previous equation or a similar
equation with the volume/external surface ratio, it is possible to esti-
mate the critical ambient temperature for large-scale solids from ex-
perimental values obtained with small laboratory-size samples. In some
cases, the parameter of length such as the radius r can be related to the
volume/external area ratio of different body types.

Oxidation kinetics can also be obtained from an adiabatic hot-sto-
rage test [8]. The oven is controlled to increase its temperature T and
keep it the same as the material inside the basket, which increases due
to exothermic oxidation of the material. In this case, the kinetic para-
meters can be obtained from the following equation, deduced for an
adiabatic reactor:
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where Cp (J/s m K) is the specific heat capacity of the solid.
The Chen and Chon [9] method consists of heating a small sample

inside an oven at a constant heating rate and determining the external
temperature and the temperature inside the sample, the crossing-point
temperature being when the internal temperature coincides with and
afterwards exceeds the external temperature. Another method consists
of measuring the temperature at the center and at another point close to
the center, and the ambient temperature in the oven. When the tem-
peratures at the center and at a point close to the center of the body are
the same (crossing-point temperature), the heat developed by the oxi-
dation reaction is equal to the variation in temperature, and an equa-
tion similar to (3) is deduced [10].

In the Semenov (well-stirred) theory, it is assumed that the tem-
perature is uniform within the body, and the only heat transfer to be
considered is from the external surface to the ambient [7].

Different ovens and configurations have been used to study the ig-
nition process. These apparatuses and procedures are described in the
analysis of the contributions of different researchers.

Tables 2–5 present some interesting contributions to the self-heating
process for coal (Table 2), for coal and biomass (Table 3), for compost
and sewage sludge (Table 4) and for other biomass samples (Table 5).
The reason for classifying these contributions is for comparison of the
papers, which are ordered by publication date.

The objective of this work has been to study the sorption of water
vapor and chemical oxidation of almond shells by new procedures.
Almond shells were selected because is a solid fuel that can undergo
self-heating and there is evidence that some spontaneous combustion
incidents have occurred. Two methods have been developed to study
the self-heating that can lead to the spontaneous combustion in large
piles, and in addition a simulation program is presented to test the
experimental results and for the analysis of the two processes.

2. Material and methods

2.1. Material

The material used was almond shells, mainly of the marcona variety
obtained from the cracking process, with 67% of size greater than
13 mm. Table 6 shows the chemical/physical characterization of the
material used.

Elemental analysis, determined with Perkin-Elmer 2400 apparatus,
and the NCV determined using AC-350 LECO calorimetric bomb, are
shown in Table 6. Oxygen and inorganic compounds have a percentage
of 40.6 (calculated as difference between 100 and the percentages of
carbon, hydrogen, nitrogen and ash). Ash content was determined by an
oven at 550 °C.

The specific heat value was determined by the hot water process in
an adiabatic vessel; the determined value is close to that proposed by
Dupont et al. [54].

2.2. Apparatus

Fig. 1 shows the apparatus used. Inside the laboratory oven, a
sample of about 4–10 cm diameter was placed inside a spherical foil
above a small rack or on a plate to record the variation in weight using
an external balance. The foil was used to hold the sample and form a
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Table 6
Characterization of almond shells.

Elemental analysis (dry basis) Bulk properties

C 51.2 Density 361.6 kg/m3

H 6.5 Specific heat 1435 J/kg K
N 0.2 Thermal bulk conductivity 0.120 J/s m K
O 40.6 (by difference) NCV 18.29 MJ/kg
Ash 1.5
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sphere. Drilling was manual with at least 4 holes/cm2, with a hole
diameter of around 1 mm. It was proven that vapor and oxygen could
transfer without a significant resistance. On the sidewall in front of the
oven door there were two small blowers to circulate the internal at-
mosphere with a controlled turning speed. At the bottom, there were
two aluminum foil trays to collect the introduced hot water directly into
them or through two curved tubes in some runs. The water was va-
porized immediately after adding hot water 10–15 °C above the nom-
inal temperature inside the oven to obtain an almost saturated en-
vironment during the first part of the run, and then in equilibrium with
water with 10–15 °C below the nominal temperature of the oven. The
pseudo-equilibrium moisture of the almond shells was tested to depend
mainly on the oven temperature. The temperature of the oven increases
2–3 °C during a short period of time above the nominal temperature as a
consequence of the hot water and of the heat evolved due to sorption.

At least two thermocouples K were used, one placed with the tip
approximately at the center of the spherical body, and another outside
the spherical body to record the ambient temperature. Sometimes a
third thermocouple K was used to measure the temperature at different
parts of the oven or inside the sample. Temperatures were continuously
registered with units of degrees Celsius, although in some cases the
temperature was considered with a precision of 0.5 °C when it ranged
between two consecutive values.

Weight and temperatures were recorded continuously every 10 s.

2.3. Method

With the oven as explained above, five types of run were carried
out:

a) The determination of the heat transfer coefficient. For each size, a
spherical ball made with pieces of wet filter paper wrapped in a
perforated foil was introduced. From the weight loss due the va-
porization of the water and the temperatures inside and outside the
spherical ball, the heat transfer coefficient was calculated. The run
was repeated at different temperatures to test the values obtained.

b) A second type of run was performed to obtain the value of the
thermal conductivity of the dried sample of almond shells. The
sample was wrapped in a non-perforated foil, but with an open hole
in the upper part of the spherical body. This sphere was introduced
into the oven and dried until constant weight, at about 120 °C. The
oven was then opened and the upper hole closed, maintaining the
temperature of the oven constant at around 40 °C. The variation in
the temperature recorded by the thermocouple whose end was

approximately at the center of the sphere was recorded vs. time, and
from this variation the thermal conductivity was calculated.

c) A third type of run was performed to obtain the increase in weight of
the dried sample within a plate that transmits its weight to the
balance. In some runs, a spherical sample of almond shells was
wrapped in aluminum foil, forming a spherical body, and the ex-
ternal foil perforated with small holes for the flow of water vapor
and oxygen. In both types of run, when the sample reached a steady
state with constant weight or with a very small variation, hot water
was introduced into the oven by means of the two curved tubes that
discharged the hot water into the aluminum foil trays. The water
vapor evolved inside the oven maintained an atmosphere with a
high concentration of water vapor. In the spherical body, there was
an increase in temperature within the sample.

d) A fourth type of run was performed to determine the weight loss due
to the chemical oxidation of the material, in a dry atmosphere or in
the presence of water vapor, and with samples inside a plate or
formed into a spherical body in perforated aluminum foil (in these
runs, the internal temperature was also recorded).

e) The final type of run was carried out to determine the temperature
in the center of the sphere after reaching steady conditions and
observing whether the temperature increased continuously up to
190–200 °C, indicating a runaway.

2.4. Simulation program for water vapor sorption and chemical
decomposition.

A simulation program was prepared to discuss the experimental
results and to extrapolate under various conditions. The program was
an adaptation of the process from a previous study for the study of
sewage sludge drying [55]. The spherical body was divided into 20 vol
elements with the same dry solid mass. The equations corresponding to
the mass and energy balances were deducted and applied to each ele-
ment, taking into account the mass and heat flows and the heat de-
veloped due to sorption of water vapor. Excel spreadsheets were used to
simulate the process, and the program was tested with the analytical
solutions obtained in many different cases.

The following equation was used for external mass transfer:

= −N K (X X )Aw X a eq s (4)

where NW (kg water/s m2) is the flow of water vapor from the ambient
to the external surface of the spherical body, KX (kg water/s m2 Δ(kg
water/kg dry air)) is the mass transfer coefficient, Xa is the humidity of
the surrounding air (kg water/kg dry air), Xeq (kg water/kg dry air) is

Fig. 1. Apparatus used: furnace, blowers, aluminum foil trays, balance.

R. Font Fuel 279 (2020) 118504

6



the humidity equilibrium of the external volume element with the
water content and AS (m2) is the external surface area of the body.
Humidity Xa of the surrounding air was calculated assuming that air is
saturated with water according to the Antoine equation, which relates
the water vapor pressure to the temperature the water introduced into
the aluminum foil trays in the oven. The same results were obtained
using the Clausius-Clapeyron equation with constant vaporization la-
tent heat (value at 100 °C).

The heat transfer from the ambient to the body can be by convection
and radiation, but only an overall heat coefficient h is considered:

= −Q hA (T Ts a s) (5)

where Q is the heat flux (J/s) from ambient to the external sphere
surface, As is the external surface area and Ta and Ts are the tempera-
tures of ambient air and body surface, respectively.

Internal mass transfer is considered by the following equation:

= −
⎡⎣− ⎤⎦

π

ρ πΔM
Δt

1
4 r

Δ (D )4 r

Δr2

eff s
2 ΔM

Δr

(6)

where ρs is the concentration of solids within the spherical body or the
bulk density, 4πr2ρsΔr is the mass increment of dry solids for simulation
and Deff (kg/m s) is the effective diffusivity of moisture within the body.

For the internal heat transfer, from the energy balance applied to an
elemental volume, and assuming that the sorption of water vapor takes
place within the body and not only on the surface, the following ex-
pression is deduced:

−
+ +

= + ⎡
⎣

− ⎤
⎦

( )
ρ

ρ ρ

1
r

Δ k r

Δr
(C MC ) ΔT

Δt
ΔM
Δt

r k exp E
RT

ΔH

2

eff
ΔT
Δr

2

S pS pw

S W S ox
ox

ox (7)

where keff (J/s m K) is the effective thermal conductivity within the
body, Cps and CpW are the specific heats of the solid and the liquid water
(4180 J/kg K), respectively, and rW (J/kg) is the enthalpy of vapor-
ization of water.

The vaporization enthalpy rW was calculated by the Regnault
equation:

⎜ ⎟
⎛
⎝

⎞
⎠

= −r J
kg

2 540, 000 2910T(º C)W
(8)

3. Results and discussion

3.1. Determination of heat transfer coefficient

Following the procedure described above, 4- and 9-cm diameter
spheres were prepared with wet paper inside the spheres until a steady
constant temperature was reached inside each. Constant weight loss
due to the vaporization of water was measured and considering the
water enthalpy calculated at the internal temperature, the heat transfer
coefficient was calculated. The external temperature was 70–120 °C and
the internal temperature was 50–80 °C. The heat transfer coefficients,
taking into account the external resistance and the aluminum wall were
21.2 and 11.5 J/s m2 K for the 4- and 9-cm diameter spheres, respec-
tively.

3.2. Determination of thermal conductivity

A spherical body of approximately 10 cm diameter was prepared,
containing the material wrapped in non-perforated aluminum foil, and
following the proposed procedure the internal and external temperature
were recorded. Using the simulation program obtained previously, the
thermal conductivity value was calculated taking into account the value
of heat transfer coefficient previously deduced. The external tempera-
ture was 42 °C and the internal temperature fell from the initial 120 °C
to a final temperature of 42 °C. The estimated value was 0.120 J/s m K,
so the calculated variation of the internal temperature is nearly coin-
cident with the experimental variation.

3.3. Analysis of vapor sorption

Two types of runs were made: some using samples of almond shells
wrapped in perforated aluminum foil to study the kinetics of sorption
and others in samples of almond shells in small open aluminum foil
trays.

Fig. 2 shows the experimental results of a run with almond shells
inside a 9.2 cm diameter spherical body at 70 °C, observing the increase
in moisture content after the addition of hot water at around 85 °C to
the aluminum foil trays and also the temperature of the thermocouple
sited near the center of the body. The temperature of the water inside
the aluminum foil trays decreases rapidly to around 75 °C, and then
decreases slowly to 65–55 °C. Both the water content and the tem-
perature increased very rapidly at the beginning of the run, and then
the moisture adsorption rate decreased and the temperature at the
center also decreased. After the analysis carried out by testing different
simulation models, it was concluded that at the beginning of the run the
solid reached pseudo-equilibrium conditions for a period of time con-
trolled by the sorption kinetics. Subsequently, the sample was cooled,
because the sample temperature was higher than that of ambient, and
in accordance with the sorption equilibrium, more moisture was ad-
sorbed, so the moisture content increased. The pseudo-equilibrium
moisture content for a high water vapor concentration ambient (ob-
tained from water around 55–75 °C inside the aluminum trays) was
determined when the internal temperature of the sample was equal to
the oven temperature and the rate of increase in moisture content was
very small. By the analysis carried out to the non-isothermal sorption,
the evolution of the moisture content shown in Fig. 2 is consistent with
pseudo-equilibrium data that are presented below. The diameter was
deduced from the mass of the sample and its density, which was very
close to that measured.

Fig. 3 shows another run carried out at high temperature for the
determination of the vapor sorption equilibrium and with the de-
termination of the weight loss kinetics due to chemical oxidation. For
the runs carried out above 100 °C, hot water was added and the tem-
perature of the water was around 75–85 °C.The run of Fig. 3 used a 56 g
sample placed in an aluminum foil tray. Different sections can be ob-
served when plotting the ratio kg water + kg dried solid/initial dried

Fig. 2. Sorption run at low temperature (70 °C) in a foil sphere: experimental
and calculated values.
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solid vs. time. The variation of sections AB and CD correspond to a
decrease due to chemical oxidation, whereas the increase in inter-
mediate sections corresponds to the period of time when hot water was
added and water vapor was present inside the oven. The equilibrium
data correspond to the difference between the B and C values. It can be
seen that chemical decomposition also takes place in the vapor/air at-
mosphere.

For different oven temperatures, Fig. 4 shows the moisture content
corresponding to the vapor in equilibrium with the vapor generated
from the hot water at 65–85 °C inside the aluminum foil trays for the
runs with upper temperature higher than 70 °C and with water at the
same temperature as the oven when the temperature is less than 70 °C.
The upper part shows the variation over a wide temperature range and
the lower part only over the interval used for simulation of the data
shown in Fig. 2, although the difference between the variations de-
duced are small.

Fig. 2 also shows the simulated results of the experimental data for
the run carried out at 70 °C, both the variation of the moisture of the
sample and the internal temperature in two elements: the center of the
body or element 20 and the adjacent to the adjacent to the center or
element 18. The values of the mass transfer coefficient and thermal
conductivity were those deduced previously. The heat transfer coeffi-
cient and the effective diffusivity were selected to obtain an acceptable
fitting of the experimental data, with the values Kx 0.008321 kg water/s
m2 Δkg water/kg air, and effective diffusivity 1.575 × 10–7 m2/s.
However, the value of Kx was close to that deduced from the test per-
formed to determine the heat transfer coefficient, and the effectivity
diffusivity was also close to that deduced by applying the King model
for sorption and desorption [56].

Note that for the temperature, the thermocouple measures the
temperature inside the air space close to the center of the sphere and
there may be a small difference in the observed peak temperature be-
tween the actual temperature of the solid and the air. The discrepancies
may also be due to the proposed approximate model and the physical
parameters.

3.4. Kinetics of the process

The weight loss due to chemical oxidation was determined with
samples in the spherical body or in small trays from 50 to 200 g during
a prolonged period sufficient to obtain a significant value of weight
variation. Fig. 5 shows the variation in weight loss from the initial
weight with and without water vapor at different temperatures.

Fig. 6 shows the experimental results of a runaway run, with the
10 cm in diameter spherical dried sample with perforated aluminum
foil. The simulated results were obtained with the values of Cps, h, keff
obtained previously, the Arrhenius variation observed in Fig. 5, and an
enthalpy reaction of 5.214 × 106 J/kg (around 28.5% of the NCV). A

Fig. 3. Sorption run at high temperature (160 °C) in a foil sphere: experimental
and calculated values.

Fig. 4. Sorption data as a function of oven temperature with vapor generated
with hot water at 65–85 °C.

Fig. 5. Variation of the reaction rate vs. absolute temperature inverse.
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good fitting can be observed considering the variation in element 18
close to the center of the sphere. Be aware that the thermocouple
measures the temperature of the air around its tip, which also transfers
heat through the metal thermocouple.

3.5. Self-heating analysis considering maximum temperature increase

The following analysis has been proposed for the self-heating in a
spherical body. In a run without runaway, the spherical body after a
long period reaches a steady state with a temperature gradient between
the outer surface and the center of the sphere. Assuming that there is
not a large temperature difference in intermediate-size samples, the
heat evolved per unit of volume can be considered approximately
constant. From a heat balance and the Fourier law considering an ef-
fective thermal conductivity, the following expression can be deduced:
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2 2

(9)

where r is the radius of the body and Tav is an intermediate temperature
between Touter (at the outer surface ri = r) and Tcenter (at the center
ri = 0).

Integrating, the following equation is obtained
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When there is not a negligible resistance to external heat transfer,
the Touter – Tcenter difference must be calculated from the observed
Tambient –Tcenter deduced. The procedure is the following:

Heat evolved by chemical oxidation = Heat lost to ambient
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From Eqs. (10) and (11)
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From the previous equation
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and considering the values of Tcenter – Touter, and from Eq. (10):
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Estimated values of Eox/R and the parameter ΔHoxρskox/keff can be
obtained. With these two parameters, the critical radius r for runaway
can be deduced. For values greater than r, runaway will occur; for lower
values a steady temperature gradient can be achieved but without
runaway.

Two series of runs were performed. Table 7 shows the experimental
results of the measured temperatures and the parameters deduced for
Series 1 carried out with thermocouples K that recorded the tempera-
tures in units of degrees Celsius. The Tave values have been calculated as
0.8Tcenter + 0.2Tamb taking into account the exponential variation of
the heat evolved with the temperature. The values of 0.8 and 0.2 were
selected after a simulation program, but other values, such as 0.5 and
0.5 or 0.9 and 0.1, can be taken and there is no large variation in re-
sults. In all cases an approximation is obtained

Fig. 7 shows the variation of the parameters deduced in Table 7.
A new series of runs (Series 2) was carried out with thermocouples K

that measured the temperature in units of 0.1 °C, after inter-calibration
between them. The effects of radiation on the thermocouple that
measured the oven temperature were determined with an aluminum
foil sphere with internal pieces of aluminum foil by measuring the
temperature inside the sphere and the oven temperature. Table 8 shows
the experimental results, which are also plotted in Fig. 7.

Lineal variations can be observed for Series 1 and Series 2. The
parameter Eox/R is equal to 11,566 K for Series 1 and 11,654 K for
Series 2. The parameter ΔHoxρskox/keff is equal to exp(35.8090) or
3.562 × 1015K/m2 for Series 1 and to exp(35.863) or 3.75 × 1015K/m2

for Series 2. In Fig. 7, the deduced variation shown in Figs. 5 and 6 used

Fig. 6. Variation of temperature vs. time for a runaway run.

Table 7
Experimental temperatures and calculation of parameters. Series 1.

Mass (kg) Tamb. (°C) Tcenter (°C) Tcenter – Tamb. (°C) r (m) Tcenter – Touter (°C) T outer (°C) Tave. (K) 6*(Tcenter – Touter)/(r2) (°C/m2)

0.1563 159.5 164 4.5 0.04691 2.98 161.02 432.95 8117
0.1584 160 165 5 0.04711 3.31 161.69 433.49 8955
0.1543 169.5 179.5 10 0.04670 6.61 172.89 443.33 18,170
0.1603 180 runaway 0.04730
0.1603 180 runaway 0.04730
0.1518 175 runaway 0.04645
0.1818 137 138.5 1.5 0.04933 1.01 137.49 410.25 2488
0.1818 147.5 149.5 2 0.04933 1.35 148.15 420.78 3318
0.1818 158 162.5 4.5 0.04933 3.03 159.47 431.44 7465
0.1818 168 178.5 10.5 0.04933 7.06 171.44 441.84 17,418
0.1813 173.5 runaway 0.04928
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in the simulation program also is plotted (E/R equals 11,484 K and the
ΔHoxρskox/keff parameter equals exp(35.395) or 2.354 × 1015K/m2). A
similar variation, deduced by the three methods, can be observed. The
value of the apparent activation energy is approximately 95–97 kJ/mol,
which is a value close to those obtained by different authors, as shown
in Tables 2–5. The runaway runs were tested by the simulation pro-
gram.

4. Extrapolation of data

In order to analyze the influence of the vapor sorption of the
spontaneous combustion, several simulations have been carried out
considering large spheres, 3 m diameter, 5112 kg. Equivalent spheres
with the same volume than piles of different form can be considered as
an approximation to analyze the physical/chemical processes involved.

The parameters considered were the same as those previous used in
the runs explained above: mass transfer coefficient Kx 0.00831 kg
water/(s m2 Δ(kg water/kg dry air)); internal diffusion coefficient Deff

1.565 × 10–7m2/s; sorption equilibria: moisture content (kg water/kg
d.s.) = 5431*(temperature in °C)–2.669; heat transfer coefficient 11.5 J/
s m2 K; internal effective thermal conductivity 0.120 J/s m °C; enthalpy
of oxidation 5.241 × 106 J/kg; pre-exponential kinetic factor
1.559 × 105 s−1; E/R 11,484 K.

The influence of external heat transfer is practically insignificant, so
the temperature of the outer element is practically equal to the ambient
temperature. The critical temperature for runaway considering only
chemical oxidation is 78.4 °C, deduced from Eq. (1).

Fig. 8 shows the simulated results at different initial temperatures
coinciding with the constant ambient temperature considering that the
initial solid is dry, with and without vapor sorption:

- In the cases (a) and (b) with vapor sorption, there is runaway despite
the fact that the ambient and initial temperatures, 75 and 60 °C,
respectively, are lower than the critical temperature of 78.4 °C.
These ambient temperatures of 75 and 60 °C could be reached by
biological oxidation in the first stage of temperature increase, but
then, during the chemical oxidation stage, the drying must be small
so the heat evolved by the chemical oxidation serves to increase the
temperature and not for water vaporization.

- In the case (c) without vapor sorption, there is no runaway because
the ambient temperature 75 °C is lower than the critical 78.4 °C,
while in case (d), there is runaway because the ambient temperature
of 80 °C is higher than the critical temperature of 78.4 °C, but after a
long period of 82.5 days.

Fig. 9 shows the simulated results for a spherical body of 4 m dia-
meter, with the same parameters indicated in the cases of Fig. 8, but
with the sorption equilibrium: moisture content (kg water/kg
d.s.) = 0.3444 exp(–0.02624 *temperature in °C), presented in Fig. 4a.
The critical temperature for runaway in this case is 74.8 °C, lower than
for the cases of the spherical body with 3 m diameter. For case (a)
without vapor sorption, the induction time for runaway is 39.3 days for
an ambient temperature of 80 °C, while in the case of vapor sorption,
the runway takes place at a temperature of 45 °C, lower than the critical
temperature and with an induction time of 27.1 days.

Tables 2–5 show some results of the induction time proposed by
researchers for low ambient temperatures considering only, in most
cases, chemical oxidation, and with very long periods, of months to
several years, to reach runaway.

It can be deduced that vapor sorption increases the initial tem-
perature of the body with a double effect: it exceeds the critical tem-
perature toward runaway and increases the oxidation rate due to the
increase in temperature. This is in agreement with the conclusions
obtained by Lohrer et al. [16].

The experimental determination of the critical temperature for
runaway is not easy, because with a temperature slightly below the
critical temperature there is no runaway, but with a temperature
slightly higher than the critical temperature, there is runaway but after
a very long period.

According to the theory criticality of Frank-Kamenetskii [6,7], it is
not possible to calculate the induction time for the runaway. There are
many authors who have carried out extrapolation of the experimental
data, both for the critical temperature and for the induction time, by
log–log variation and taking into account the V/A ratio or a char-
acteristic length, as shown in Tables 2–5.

For adiabatic experiments, the adiabatic induction period tad to the
runaway can be calculated approximately as [8]:

⎜ ⎟= ⎛
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− ⎞
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1
t

ΔH k
C

E
RT

exp E
RTad

ox ox

p

ox

o
2
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where Tois the initial temperature (K) of the body. The induction per-
iods for the runaway runs according to the Frank-Kamenetskii theory of
criticality are greater than those calculated by Eq. (15) due to the heat
loss from the material to the ambient. In both cases, the period to raise

Fig. 7. Variation of 6(Tcenter – Touter)/r2 vs. 1/Tave.

Table 8
Experimental temperatures and calculation of parameters. Series 2.

Mass (kg) Tamb. (°C) Tcenter (°C) Tcenter – Tamb. (°C) r (m) Tcenter–Touter (°C) T outer (°C) Tave. (K) 6*(Tcenter – Touter)/(r2) (°C/m2)

0.1852 122.90 123.10 0.20 0.0496 0.13 122.97 396.06 328
0.1852 127.90 128.50 0.60 0.0496 0.40 128.10 401.09 985
0.1852 133.20 134.00 0.80 0.0496 0.54 133.46 406.40 1313
0.1852 148.70 150.70 2.00 0.0496 1.35 149.35 421.98 3283
0.1852 153.60 157.00 3.40 0.0496 2.29 154.71 426.97 5582
0.1852 157.60 162.20 4.60 0.0496 3.10 159.10 431.05 7552
0.1852 162.50 167.90 5.40 0.0496 3.64 164.26 436.00 8865
0.1852 167.90 177.30 9.40 0.0496 6.34 170.96 441.66 15,432
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the temperature from room temperature to, for example, 90–110 °C is
very long because the oxidation rate is very small. Body size does not
affect an adiabatic run. For a run with internal heat transfer to ambient,
as in the Frank-Kamanetskii model, in general the lower the critical
temperature, the greater the body, the longer the induction time to
runaway for temperatures 2 ó 5 °C higher than the critical temperature
(note that at the critical temperature the runaway would take place
after infinite time).

In cases where there is aerobic fermentation that can increase the
temperature from room temperature to 60–75 °C and the vaporization
of water takes place very slowly, the chemical oxidation rate can be
sufficient for runaway. The metabolism of the cells releases heat to
80 °C, although the cells die between 50 and 60 °C [57]. Fungi can grow
on wood with low moisture levels (around 10% with humid air) [58].

In other cases, with very dry material, water vapor sorption can also
increase the temperature to 30 or 40 °C above room temperature, and
then chemical oxidation may be important. Water vapor can come from
humid air, biological digestion that generates water vapor, chimneys,
smoke from machinery or other processes.

The combination of aerobic digestion, drying without a large

temperature decrease, vapor sorption and chemical oxidation increases
the possibility of runaway The analysis presented can be applied to
other wastes. Testing of the simulation program should be done in a
large reactor and would require a long period of time, and this would be
the goal of another research program.

5. Conclusions

Sorption of water vapor was studied in an oven with an external
balance, obtaining a decreasing variation in moisture content with oven
temperature. A simulation program was also developed for the analysis
of experimental data. From the run carried out with a sample of
spherical shape wrapped in perforated aluminum foil to study the ki-
netics, a peak experimental increase in temperature of 26 °C was ob-
served.

The variation of moisture content was discussed and simulated sa-
tisfactorily, assuming that water vapor sorption take place within the
sample, the internal diffusion follows Fick‘s law and that the moisture
content in each layer cannot exceed the limit of moisture deduced
previously and corresponding to equilibrium.

Fig. 8. Simulation results considering a 3 m diameter spherical body (critical temperature for runaway 78.4 °C).
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The kinetic constants for chemical oxidation were deduced by two
procedures: one by the rate of weight loss and the other by determi-
nation of the temperature difference between the inside and outside of a
spherical sample wrapped in perforated foil. A numerical program was
used to simulate an actual run.

In addition, a numerical program was used to simulate the runaway
of a spherical body at different temperatures, with and without vapor
sorption. It was deduced that vapor sorption can have a double effect:
increasing the temperature toward runaway and increasing the rate of
oxidation due to the increase in temperature. From the simulation
program it can be deduced that runaway can be obtained after
27.1 days with an outside temperature of 45 °C prior to water vapor
sorption.

Analysis and discussion of de data shows that there is a risk of self-
combustion in large amounts of material and under some conditions,
including water vapor sorption.
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