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Abstract

The objective of this study is to evaluate the activation energy of agricultural residues with their ignition
characteristics. The ignition temperature of agricultural residues (peanut shell, rice hull, and rice straw) is
determined by measuring particle temperature, particle luminosity, and gas temperature for samples weighing 2.0,
2.5, and 3.0 grams. The maximal slope of the particle temperature versus furnace temperature is used to determine
the occurrence of ignition. Values of activation energy are analyzed by the Semenov model with the measured
ignition temperature. Results show that the particle ignition temperature is 317, 324, and 330°C for rice straw, peanut
shell, and rice hull, respectively. The results also indicate that the particle ignition temperature reduces as the volatile
content increases and the sample amount decreases. The value of activation energy is 157.2, 170.3, and 192.8

kJ/mole for rice straw, peanut shell, and rice hull, respectively.
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1. Introduction

Agricultural residues are naturally in the form of cellulose organic solids after harvesting and processing operation.
Combustion is one of the most effective methods to dispose of agricultural residues since it is rapid and clean and can provide
energy to the agricultural processing industry. To utilize agricultural residues as fuel by combustion, the ignition
characteristics of agricultural residues should be analyzed. There are a lot of studies on the investigation of the ignition and
combustion characteristics of coal. Although the physical and chemical properties of agricultural residues are different from
those of coal, the ignition characteristics of agricultural residues might be similar to that of coal since agricultural residues and

coal all belong to solid carbonaceous materials [1].

The combustion process of cellulose particles, containing ignition and burnout processes, is a chemical reaction between
solids and oxygen. The occurrence of ignition is dependent on the energy balance between heat generation and heat loss. In a
heating condition, the particle temperature rises and eventually ignites the particles when the heat generation is more than the
heat loss. If the dominant control factor of combustion is diffusion, the combustion process of fixed carbon (FC) should

comply with the Nusselt square law until the carbon is burned out after the combustion process of volatiles is completed.

The ignition mechanism of cellulose particles can be heterogeneous or homogeneous. For heterogeneous ignition, the
volatiles and FC react with oxygen at the same time. This is due to the fact that the released volatile flux is not sufficient
enough to consume all the oxygen diffusing toward the particles [2]. Also, the particle surface temperature reaches the ignition

temperature during pyrolysis. The circumambient flame will be at the surface of the particles. For homogeneous ignition, the
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released volatiles react with oxygen alone due to the enormous volatile flux forcing oxygen away from the particle surface [3].
Therefore, the flame will be driven away from the particle surface. Besides, an initial flash of light will occur for the
homogeneous ignition, and then the glow of the remaining particles will indicate slower heterogeneous combustion. Generally,

the surface luminosity rather than the flash of light should be detected when the ignition mechanism is heterogeneous.

The factors influencing the ignition temperature include the balance between heat generation and heat loss as well as the
properties of reactants. Fuel particles cannot ignite immediately because of the time required for the following two reasons.
The first reason is that the particles placed in a high-temperature environment increase their temperature by convective and
radiative heat transfer. The second reason is that the concentration of radicals is sufficient to allow transition from slow
oxidation to rapid combustion. The critical condition of ignition occurs when the rates of heat release and heat loss are equal, as
well as the derivatives of both these rates with respect to temperature are also equal. The criterion of ignition is illustrated by
Line I on Fig. 1. The gas temperature for which the Q, line is tangent to Q, line is T4;, i.e., the gas temperature at ignition. The
temperature at the point of tangency is the particle ignition temperature Tj;. A small increase in gas temperature from this
condition will result in a temperature “jump” of a burning particle shown as line III. Although there are two Q lines on the Q-T
coordinate to be crossing and tangent to Q, line, the temperature rise does not always exist for the increase of gas temperature

in the range of T, < Ty; as line II since the heat loss is more than the heat generation.

Line I: Criterion for Ignition
Line II: Non-ignition Zone
Line III: Ignition Zone
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Fig. 1 Variation of heat generation (Q,) and heat loss (Q,) with temperature [4]

The ignition characteristics of peanut shells were studied and the results showed that the homogeneous ignition could
occur when the furnace temperature was set above 600°C [5]. However, the minimum ignition temperature could be an
important parameter for the production of activated carbon from agricultural residues. Therefore, this study aims to measure
the minimum ignition temperature and evaluate the activation energy of agricultural residues (peanut shell, rice hull, and rice
straw) after agricultural processing. The obtained ignition characteristics of agricultural residues would be useful in designing

a proper processing system along with its operation parameter setting for disposal and recovery.

2. Literature Review

There was literature regarding biomass ignition and combustion [6-9]. Also, coal particles have been investigated
extensively since coal is a widely used fossil fuel. The variation of ignition temperature with particle size, volatile content, ash
content, and oxygen concentration has been investigated and interpreted [10-12]. Generally, the ignition temperature was
higher for smaller particle size, lower volatile content, and lower oxygen concentration; higher ash content having higher
ignition temperature could be resulted from lower combustion heat. Since the ratio of surface area to volume was higher for
smaller particles, which resulted in higher heat loss, smaller particles would have higher ignition temperature. The ignition
temperature could decrease 5-8°C per 1% of the volatile matter (VM) increment due to the difference in reactivity. The ignition
temperature was likely to decrease hyperbolically with an increase of oxygen partial pressure because higher oxygen
concentration increased the reaction rate and retarded the VM to escape from the particles, which would result in the ignition

temperature asymptotically approaching a final value.
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Observation of flash occurrence has been used frequently to determine the ignition characteristics of particles in a heated
furnace [13-16]. However, gas analysis [17-18] and particle temperature analysis [19-20] could also be used to determine the
ignition characteristics. When the ignition temperature was determined by the variation of particle surface temperature during
an experiment, the variation of particle temperature could be as follows. For a particle heating in a furnace, the rise of particle
temperature would become slower after heating for a while, and its temperature would rise rapidly again if ignition occurs and
heat generation transfers back to the particle. Due to this heat transfer phenomenon, there should be an inflection point in the
particle heating curve. Hence, the particle temperature on the inflection point could be defined as the ignition temperature,
which could be determined by the point where the second derivative of particle temperature with respect to time was zero from
the heating curve. However, the inflection point was not used to denote ignition because at the point of inflection the fuel
particles would have ignited already [20]. Furthermore, for the particle diameter greater than 6 mm, there was no inflection

point in the particle heating curve because the temperature gradient could exist inside the particles [19].

Therefore, the maximal slope of the particle temperature versus furnace temperature was introduced to analyze the
ignition temperature for larger particles. The physical interpretation could be as follows. When the particles were put into a hot
furnace, the particles were quickly heated, and then the heat was rapidly transferred through the particle surface. Therefore, the
temperature gradient should be very large at the particle surface. Since the temperature inside the particles would increase, the
temperature gradient would decrease gradually with the increase of heat transfer into the particles. At the moment of ignition
occurrence, the particle surface quickly receiving heat would result in the greater temperature gradient at the particle surface
and the heat transfer into the particles would increase again. As combustion proceeded and reached steady, the temperature

distribution inside the particles was likely to be uniform and the temperature gradient was to be zero.

An ignition index Fz was developed and used as an index to indicate the tendency of particle ignition and combustion, as

well as to evaluate the ignition characteristic of coal particles [21].

F7=(MC +VM)* x FC x100 (D

The char particles of higher activity with larger Fz would be easier to ignite. The sum of VM and moisture content (MC)
of coal particles based on proximate analysis could indicate the porosity level and/or specific area of the particles after the
release of volatiles and moisture inside the particles. The ratio of carbon per unit surface area was higher for higher FC, so the
heat generation released from the coal particle surface was higher, which would be advantageous for ignition. Therefore, the
particles with higher volatility and FC were prone to ignite. However, the effect of MC + VM on char ignition was much
stronger than that of FC. The ignition characteristics of coal were divided into the following five types: “very difficult to burn”
for Fz < 0.5, “difficult to burn” for 0.5 < Fz <1.0, “quasi-difficult to burn” for 1.0 < Fz < 1.5, “easy to burn” for 1.5 <Fz < 2.0,

and “very easy to burn” for Fz > 2.0.

The auto-ignition tendency of lignite was investigated by measuring the coal and furnace temperature increase rates [22].
The crossing point, where the curve of the coal temperature increase rate crossed that of the furnace temperature increase rate,
was used to represent the auto-ignition tendency of one coal relative to another. Researchers found that the auto-ignition

tendency decreased as the difference between VM and MC increased.

3. Materials and Methods

Peanut shell, rice straw, and rice hull, which are major agricultural residues in Taiwan, are used as experimental samples
in this study. The MC levels of these materials are at the values after staying at room condition for a week. To prevent any
pronounced change of MC during the entire experiment period, a batch of captive samples is kept in a sealed container to
ensure that the MC of the samples will not vary even in the case of a significant change of ambient environment. Peanut shell

and rice hull are in their size as received; however, rice straw is cut into about 3-4 cm long to stay on a mesh plate steadily.
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Since the ignition characteristics are affected by chemical properties significantly, especially VM, proximate analyses are
necessary for this study. A 1-g sample of the agricultural residues is heated at 100°C for 1 hr exactly to determine the moisture
of the sample. The weight loss of the sample during this period, in percentage, is an indication of the MC of the agricultural
residues. Since VM consists of hydrogen-carbon compounds, the heating process can be used to remove VM from the
agricultural residues. Thus, a 1-g sample is placed in a covered ceramic crucible and heated to 950°C for about 7 minutes to
drive off VM. The loss in weight during the heating period is due to the elimination of moisture and VM. Then, VM can be

determined since moisture is calculated from the previous test.

The tests for the percentage of ash in the fuel are carried out by heating the samples of agricultural residues to 720°C in an
uncovered crucible for about 1 hr until the weight of agricultural residues is steady. A constant weight means that there is only
ash remaining in the crucible. FC is the value of 100% minus the sum of the percentages of moisture, VM, and ash. However,
FC does not represent all the carbon that is in the agricultural residues. Some of the carbon might be in the form of distilled
hydrocarbons during the determination of VM. In addition, some of the so-called FC might include hydrogen, nitrogen, oxygen,
and sulfur. Proximate analyses are shown in Table 1, which indicate that all the agricultural residues in this study are in the

category of “easy to burn” since Fz > 2.0.

Fig. 2 shows the experimental setup of this study schematically. The data acquisition system consists of a k-type
thermocouple for measuring the gas temperature in the furnace, an infrared pyrometer of OPTEX for measuring the particle
temperature, and a luminance meter of Minolta for measuring the intensity of the particle surface brightness. The thermocouple
and infrared pyrometer are calibrated with ice water of 0°C, and the luminance meter is calibrated in a completely dark
environment. PCL-818HG interface card of ADVANTECH is used to connect those three instruments and a personal computer,

and the output voltages of the three instruments are recorded into the personal computer by Genie.

The experimental procedures to investigate the ignition characteristic are as follows. First, a batch of samples, which can
be observed from the viewing window, is placed in the center of a furnace with a mesh plate. Then, the data acquisition system
is started to record the temperature of the furnace as well as the temperature and luminosity of the sample particles at an
interval of 0.5 sec. A moment later, after the samples and the data acquisition system are ready, the furnace is turned on to heat
the sample particles. The heating experiment usually lasts for about 10 minutes, and then the data acquisition system is turned
off after the sample particles are burned out. Finally, residual char is taken out from the furnace and the furnace is turned off to

cool down to ambient temperature for other experiments.

Table 1 Proximate analyses and Fz values of agricultural residue samples
Dry basis (wt%) Wet basis (wt%)

VM FC | Ash | MC | VM FC | Ash | Fz
Peanut shell | 79.06 | 19.74 | 1.22 | 1425 | 67.79 | 1693 | 1.05 | 11.39
Rice hull | 77.02 | 16.92 | 6.06 | 13.31 | 66.77 | 14.67 | 5.25 | 9.41
Rice straw | 82.30 | 10.43 | 7.27 | 17.42 | 67.96 | 8.62 | 6.00 | 6.28

Sample
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. . v |7 A l//

Viewing
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Fig. 2 Experimental setup for the measurement of ignition characteristics
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The infrared pyrometer is used to measure the particle temperature. Since the emissivity setting value is a major parameter
for the reading value of the infrared pyrometer, the emissivity of 0.96 is adopted according to previous studies [4, 23]. Since the
minimal measurement area of the infrared pyrometer is @32 mm, it is inappropriate to perform the ignition experiment for a
single particle. Hence, the minimal amount of sample particles in the mesh plate should be more than 32 mm. Because the size
of the mesh plate is (60 mm to fit the furnace viewing window properly, a batch of agricultural residues particles of 2.0, 2.5,

and 3.0 grams are used to study the effect of sample amounts on ignition characteristics.

Because it usually takes several hours to cool down the furnace to ambient temperature after each experimental condition,
the experiments of this study are time-consuming work. To account for the natural difference of each sample, each
experimental condition is replicated five times. Therefore, a total of 45 experiments are performed to analyze the effects of

agricultural residue types and sample amounts on ignition characteristics.

4. Theory of Activation Energy Evaluation

The agricultural residues inside a high-temperature environment increase their temperature as a result of convective and
radiative heat transfer. The rate of heat generation due to chemical oxidation reactions on particle surfaces increases with an
increase in temperature. Eventually, the particles can ignite at the ignition temperature, Ty;. The ignition temperature can be
determined by Semenov analysis, which requires the heat generation rate and the heat loss rate of the sample particles to be
equal and tangent to each other at the ignition point (Fig. 1). The Semenov analysis can give a simple solution for T; if the
accumulation of heat within the particle is negligible, no swelling or shrinkage of the particle occurs, and no volatiles are

released from the particles prior to ignition.

The Semenov ignition condition can be expressed in form of the following equations.
Qg = Ql (2)

dQ, /dT, =dQ, / dT, 3)

where Q, is assumed due to the reaction at the surface of a solid particle, and Q, is assumed only due to the heat convection and

radiation. Q, and Q, can be expressed as follows.
Q, =k,p,h.exp(~E/RT,) (4)
Q, =WT,-T,)+0e(T, ~T,) (5)
Substituting the derivatives of Q, and Q, with respect to T, into Eq. (3), the following equation can be obtained.

Ek,pyh,
2
RT?

E 3
exp(— )=h+40¢eT,, 6
PR, v ©)
For the sample particles in a stagnant condition similar to the experimental condition in this study, hd, / A = 2. Hence, as the
substitution of heat loss term in the left-hand side of Eq. (6), the activation energy can be determined by the following equation

if the particle and furnace temperatures at the ignition point are known.

_ RT,;.(2A/d, +40¢T;)
C2N(T, -T,)/d,+0e(Ts ~T})

@)
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5. Results and Discussion

For the samples of 3.0-gram peanut shells, the variations of particle temperature and furnace temperature as well as
particle luminosity with time during the heating process are shown in Fig. 3. At the beginning of the experiment, the particle
temperature and furnace temperature are identical, which verifies the emissivity setting value as 0.96 for the experimental
samples. After the furnace starts to heat, the particle temperature and furnace temperature increase due to the heat transfer from
the furnace as expected. However, the increase of particle temperature is not as fast as the increase of furnace temperature
during the initial stage of heating. The reason for this phenomenon might be that not all the heat transfer to sample particles is
used to increase the particle temperature, rather part of the heat transfer received is used for the endothermic process of

moisture evaporation and pyrolysis. The experimental results for other agricultural residues all show the same trend.

After the moisture evaporation is completed and the pyrolysis is carried on to some extent, the particle temperature
eventually exceeds the furnace temperature; this result represents that parts of the released volatiles during pyrolysis and/or
residual char react with oxygen, and then the reaction heat is transferred back to the sample particles. However, the ignition
mechanism is not homogeneous by the experimental procedures used in this study since a flash of light is not observed and the
luminosity of particle samples does not increase significantly in all experiments. In addition, by experimental observation, smoke
emerges from the moment of the particle temperature being about the same as the furnace temperature. Therefore, massive
pyrolysis can be defined at this point quantitatively, which can represent the decomposition tendency of one agricultural residue
relative to another, similar to the cross point of the coal and furnace temperature increase rates representing the auto-ignition
tendency [22]. From the massive pyrolysis point, the increase of particle temperature is faster since the released volatiles and/or
char react with oxygen to generate heat until the reaction heat is equal to the heat loss, which is resulted from the particle
temperature being higher than the furnace temperature after the massive pyrolysis point. When char combustion is completed, the

increase rate of particle temperature levels off and the particle temperature approaches the furnace temperature again.

The flash of light is not observed, and can be verified by the analysis of the luminosity variation since all luminosity
values are in the range of 1-3 cd/m”. Although the particle luminosity starts to fluctuate after the massive pyrolysis point, its
values are not far away from the initial stage. However, there is a noticeable fact that the sample luminosity decreases slightly
before the massive pyrolysis point since the color of the particle surface becomes darker after partial pyrolysis. Therefore, the
ignition mechanism of agricultural residues in this study is likely to be heterogeneous because the released volatile flux is not
large enough to react with all the oxygen toward the samples at slow heating procedures, even with the oxygen toward the
samples containing high volatile content. In the experimental conditions of this study, it is more likely that the char combustion
at agricultural residue surface occurs earlier than the ignition of VM. Hence, the experimental conditions in this study are
classified as the heterogeneous mechanism [20]. The fluctuation of the luminosity should refer to the glow of the burning
sample particles at slow heterogeneous combustion of residual chars. Because there is no obvious change point in the

luminosity curve, using the luminosity curve to analyze the ignition temperature is not applicable.
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Fig. 3 Variation of particle temperature and furnace temperature as well as
particle luminosity with time in a heating furnace
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It seems that there is an inflection point, which can be defined as the moment of ignition occurrence, appeared in the
particle heating curve as shown in Fig. 3. The temperature on the inflection point can be determined by the point where the
second derivative of particle temperature with respect to time is zero from the heating curve. However, in practice, the
variation rate of particle temperature is fluctuated fiercely because of the short sampling interval and signal noise in the
infrared pyrometer. Hence, it is quite difficult to directly obtain the inflection point by data processing of the sample heating

curve. However, a smooth curve is obtained by plotting the particle temperature versus furnace temperature.

In Fig. 4, the variation of the slope of particle temperature versus furnace temperature with the furnace temperature is also
determined, which can represent the particle temperature change for 1°C increment of the furnace temperature. There is a
maximal slope of the particle temperature versus furnace temperature in each experiment, and then the maximal value is
adopted to determine the occurrence of ignition. For a sample of 3.0-gram peanut shells, the particle temperature increases
about 8°C with 1°C increment of the furnace temperature at ignition occurrence. This criterion is used to determine the
heterogeneous ignition characteristics in this study. In physical meaning, the maximal slope of the particle temperature versus
furnace temperature indicates that a slight increase of gas temperature in the furnace can result in the sudden rise of particle
temperature, which is in agreement with the interpretation in Fig. 1. Thereafter, the particle and furnace temperatures can be

determined after the ignition point is obtained.

Table 2 lists the average and standard deviation of particle temperature at the massive pyrolysis point, as well as the
particle and furnace temperatures at the moment of ignition occurrence for the same experimental conditions. The
experimental results are very consistent with the findings in previous studies: the variation of ignition temperature is in the
range of 80-85°C for higher volatile coal, 30-50°C for coal, and 60-100°C for char [15, 24]. Hence, it is quite usual for
agricultural residues to show the same extent of deviation since the agricultural residues of this study all belong to high volatile
materials. The reason of deviation for measuring the ignition characteristics at the same experimental conditions might be that
the surface reactivity and surface/volume ratio should be different naturally for each sample particle. In addition, the definition
of massive pyrolysis point is justified since its values are in the range of peak weight loss rate for the burning profile of
agricultural residues [25]. From the results of particle temperature at the massive pyrolysis point, the sequential tendency of

decomposition from the strongest to the weakest is rice straw, peanut shell, and rice hull.
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Fig. 4 Variation of the slope of particle temperature versus furnace temperature with the furnace temperature

Table 2 Experimental results for the ignition characteristics of agricultural residues

. Particle temperature (°C) Gas temperature (°C) Massive pyrolysis point (°C)
Sample | Weight (g) — T .
Average | Standard deviation | Average | Standard deviation | Average | Standard deviation
2.0 316.7 10.60 299.7 5.78 279.0 3.46
Peanut
shell 2.5 321.3 8.2 302.6 0.6 287.3 4.6
3.0 333.0 12.00 308.0 1.73 290.7 8.39
Ri 2.0 312.3 2.52 302.7 2.52 284.3 8.39
ol 25 334.3 9.5 317.8 6.7 295.4 9.2
3.0 345.7 4.04 324.0 3.61 298.3 2.89
Ri 2.0 304.0 8.89 278.7 8.08 245.7 14.36
. 25 322.4 31.9 297.3 21.4 269.6 6.6
3.0 309.0 10.15 293.3 11.93 279.3 17.47
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Fig. 5 shows the variation of the particle and furnace temperatures at the ignition point, as well as the particle temperature
at the massive pyrolysis point with volatile content for the samples weighing 2.0, 2.5, and 3.0 grams. The results show that the
particle ignition temperature is 317, 324, and 330°C for rice straw, peanut shell, and rice hull respectively. Also, the results
indicate that the particle ignition temperature decreases with an increase of volatile content generally. The results of this study
agree with the results in the literature [10, 12, 15]. If a larger amount of samples is considered a larger sample particle, then a
batch of particles packing together will act as a larger particle with larger pore size. Based on the assumption above, a larger
amount of samples should have lower heat loss since its surface/volume ratio is lower; therefore, the ignition temperature of the
larger amount of samples should be lower. However, the experimental results with a larger amount of sample show higher
ignition temperature by the comparison in Fig. 5. The result is contrary to lower ignition temperature for larger particles. The
reason for this finding might be that the interactive influence between particles for a larger amount of samples can retard the
heat transfer to the particles inside [4]. Thus, the time required for volatile release will be longer for the larger amount of
samples. Therefore, the particle temperature will be higher as oxygen can diffuse to the particle surface to react with residual

char as the volatile release is completed.

In general, a material with a lower ignition temperature is easier to ignite. The results indicate that rice straw should be the
easiest material to ignite. However, by comparison of the Fz value among experimental samples, the Fz value of rice straw is
the lowest (Fz = 6.28), which means that rice straw has the worst ignition characteristics among these three agricultural
residues. Therefore, the Fz value might not be suitable to distinguish the ignition characteristics of very high volatile material
since the material of Fz > 2.0 is categorized as “very easy to burn” [26].

Eq. (7) is used to evaluate the activation energy of the sample particles by the measurement of the particle and furnace
temperatures at ignition occurrence, assuming that the particle diameter is in the range of 10-30 mm. The results (in Table 3)
indicate that the effect of particle diameter on the calculated activation energy is not significant. Therefore, the uncertainty of
particle diameter should not affect the evaluation of the activation energy. However, the effect of sample amounts on the
activation energy is significant; hence, it might not be appropriate to consider a larger amount of samples as a larger particle.
The interpretation can be used to justify the results showing that the ignition temperature increases with an increase of sample
amounts. Nevertheless, since each agricultural residue should have a certain value of activation energy, three levels of sample

amounts should be used together to evaluate the activation energy for different samples.

The results show that the average activation energy for rice straw, peanut shell, and rice hull is 157.2, 170.3, and 192.8
kJ/mole respectively. The calculated activation energy value of the agricultural residues is in the same order as that of the
cellulosic material [27-28]. The meaning of lower activation energy indicates that a higher rate of heat generation results in
lower ignition temperature. Hence, the evaluation results of activation energy from the Semenov model, which imply the trend

of ignition characteristics, are in agreement with the experimental trend.
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Fig. 5 Variation of the particle and gas temperatures at the ignition point as well as the particle temperature
at the massive pyrolysis point with volatile content
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Table 3 Evaluation of activation energy of agricultural residues by using Eq. (7) and values in literature

Sample Weight Activation energy (kJ/mole) —
(2) d,=10mm | d,=20 mm | d,=30 mm | Average deviation
b 2.0 192.6 193.3 193.5
:}f‘;‘l‘t 2.5 168.5 169.1 169.4 170.3 19.18
3.0 148.4 149.0 149.3
N 2.0 2145 215.1 215.3
hllﬁf 25 195.8 196.4 196.6 192.8 20.86
3.0 166.7 167.3 167.5
N 2.0 125.1 125.7 125.9
. trfvev 25 143.1 143.7 144.0 157.2 34.88
3.0 202.1 202.7 202.9
Agricultural
residues [27] ) ) ) ) 170-185 )
Douglas fir
bark [28] - - - - 162.8-201.8 -

6. Conclusions

The ignition characteristics of three agricultural residues (peanut shell, rice hull, and rice straw) during the heating process
were analyzed by measuring the particle temperature and particle luminosity as well as the gas temperature inside a furnace.
No initial flash of light was observed, and the variation rate of particle temperature was fluctuated fiercely by the second
derivative of particle temperature with respect to time from the heating curve. Hence, the ignition occurrence was determined

by the maximal slope of the particle temperature versus furnace temperature.

The results showed that the particle ignition temperature was 317, 324, and 330°C for rice straw, peanut shell, and rice
hull, respectively. Also, the results indicated that the particle ignition temperature reduced as the volatile content increased and
the sample amount decreased. The value of activation energy, which were analyzed by the Semenov model with the measured
ignition temperature, was 152.7, 170.3, and 192.8 kJ/mole for rice straw, peanut shell, and rice hull, respectively. The order of
decomposition tendency during combustion from the strongest to the weakest was rice straw, peanut shell, and rice hull by the

results of ignition characteristics, which was in agreement with the experimental trend.

Nomenclature

d, Particle diameter (m) Q Heat loss flux (W/mz)

E Activation energy (kJ/mole) R Universal gas constant (kJ/mole.K)
FC Fixed carbon T, Particle temperature (K)

h | Convective heat transfer coefficient (W/mz.K) Ty Particle temperature at ignition (K)
h, Heat of combustion (kJ/kg) T, Furnace temperature (K)

k, Preexponential factor Ty Furnace temperature at ignition (K)
MC Moisture content VM Volatile matter

n Reaction order with respect to oxygen A Thermal conductivity of air (W/m.K)
Po Oxygen concentration 6 | Stefan-Boltzmann constant (W/m’.K*)
Q. Heat generation flux (W/m®) € Emissivity of particle
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