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Abstract

A systematic investigation was performed to elucidate the cause of spontaneous ignition of Refuse Derived Fuel (RDF) and Meat Bone Mea
(MBM). Heat generation in both RDF and MBM with addition of water liquid and vapor at room temperature was determined by isothermal
calorimetry. Compared with water liquid, the heat of wetting by sorption of water vapor at 80% relative humidity°&@hd/$ larger, which can
raise the temperature of RDF and MBM more than 30 antC58espectively. Heat generation due to fermentation occurred and the temperature
of RDF and MBM reached or exceeded“@after 5 days for RDF and 4 days for MBM at 100% RH. The spontaneous ignition for RDF and
MBM results from heat of wetting and fermentation at room temperature and a further exothermic reaction at higher temperature.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Experiments

Several fires from spontaneous ignition of organic materialg. 7. Samples
such as Refuse Derived Fuel (RDF), Meat Bone Meal (MBM)
and wood chips have occurred in recent years in JgpaBi. The RDF samples were small chips from cylinders taken from
RDF is a fuel made of domestic combustible rubbish, pressed silo of RDF in Mie Prefecture, Japan. The MBM samples
at 80-90°C into cylinders 1.5-3.0 cm in diameter and 5-10 cmwere 2.5 mm diameter granules from the Ministry of Agricul-
in length after desiccation at 13C€. MBM, used as domestic ture, Forestry and Fisheries in Japan.
animal food, is shaped into 2.5 mm granules after cooking at
130-135C and grinding at 60C. The compositions of RDF .
and MBM are listed infables 1 and 2. 2.2. Calorimeters

Research on spontaneous ignition of RDF and MBM shows . . . ,
The Calvet calorimeter experiments were carried out with C

an exothermic reaction at higher temperat[#e4]. At room 0 and MS 80 (S F lori Th dard cell
temperature, it was reported that heat generation in RDF wa% an (Setaram, France) calorimeters. The standard ce

caused by fermentatiofp]. However, moisture sorption also ar_1d membrane-mi?d_ng cell of C B0 were used. Inthe experiments
may have caused spontaneous ignition of RB]. To clarify with membrane-mixing cell, 1.50 g sample of RDF was placed

the cause of spontaneous ignition of RDF and MBM, the sorptior‘?bove’ and 2.00g water under, a membrane made of stainless

of water liquid and vapor at ambient temperature was characte?—teel mesh with 0.05 mm pores. The heat generation, therefore,

ized by isothermal calorimetry and Dewar vessel. Exothermiéﬁ_sukltelOI frpm watgr vapor sorptl((j)n bybthf_e sdample_.rf\ 0.1 mm
reactions in RDF and MBM without sorption of water and vaport ick plastic membrane was used to obtain data with no vapor

were examined by Spontaneous Ignition Tester (SIT). sorption. N _
A Thermal Activity Monitor (TAM) 2277 (Thermomet-

ric Inc., Sweden) isothermal calorimet¢8] with a 4mL

* Corresponding author. Tel.: +86 316 2068509; fax: +86 316 2068501, ampoule and a relative humidity control system was also
E-mail address: fuzmin2002@yahoo.com.cn (Z.-M. Fu). used to study water liquid and vapor sorption. The air-
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Table 1 450 RDF with 20% water
Composition of Refuse Derived Fuel in masi®% -
Water 538 g o RDF with 10% water
Volatile 72.6-76.3 = 800+
Carbon 46.2-51.8 o RDF with 5% water
Hydrogen 6.60—7.11 £ 1504
Nitrogen 1.11-1.30 &
Sulphur 0.48-0.59 T
Chloride 0.53-0.90 o
Calcium 2.1-2.7 . . ‘
Q0 10 20 30
Time / hour
Table 2
Composition of Meat Bone MeB] Fig. 2. Curves of heat rate vs. time for RDF with different water content &€27
by C 80 with standard cell.
Water (mass%) 4.54
Protein (mass%) 50.4
Fat (mass%) 10.6 conditions were established with nitrogen atmosphere. The sam-
Ash (mass%) 30.7 ple mass was 1039-1071 mg for RDF and 800.3—808.8 mg for
Calcium (mass%) 11.36 MBM
Chloride (wt%) 0.36 ’
Iron (mg kg™1) 500
Zinc (mgkgt) 500 3. Results
Cobalt (mgkg?) 9.6
Copper (mg kg?) 8.5 37 Resul
. t RDF
Phosphorus (wt%) 5.74 esults for

3.1.1. Results by Calvet calorimeters
flow rate was 40.8mLh! at a relative humidity (RH) The curves of heat rate versus timé-ig. 2show an exother-
of 80%. mic peak at the beginning of the experiments for samples of
RDF with addition of water liquid. The peak value of the sec-
ond exothermic process increased with increasing water content.
Tests by MS 80 validated the C 80 results. Heat generations for
the samples of RDF by C 80 and MS 80 with standard cell are
given inTable 3.

2.3. Dewar experiments

A spherical Dewar vessel of 1000 mL with an overall heat
transfer coefficient of 0.1968 JTAs K was used to conduct the 4 ) .
heat accumulation tests for RDF at room temperature an@50 | he experimental results by C 80 with special mesh mem-

Water liquid was added from top of the Dewar vessel. TemperPrane cell are shown ifigs. 3-5andTable 4. The heat genera-
ature was measured at three points in the Dewar (Fig. 1).  tion for the water vapor sorption test of RDF at®9is given in
Fig. 3. The maximum heat rate of the first exothermic process

(AB) was 389uW gt and total heat was 13.26 Jgat 1.07
days when heat rate equal zero, which can raise the temperature
The SIT (SIT-2, Shimadzu Co. Ltd., Japan) tests were caer RDF more than 9C if there is no heat loss. The fastincrease
of heat rate began 1.90 days later. Apparently, there was another
exothermic process after 5.23 days. For the water vapor sorption
test of RDF at 26.33C, there was no first exothermic peak com-
pared with that at 59C (Fig. 4). Heat generation began after 2.27
days. The fastincrease of heat rate began after 5.07 days. For the

2.4. Experiments by SIT

ried out with air atmosphere at 5mL mih after isothermal
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Fig. 3. Curves of heat rate and total heat vs. time for RDF by C 80 with mesh
Fig. 1. Positions of thermocouples for the Dewar tests. membrane cell at 54C.
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Table 3
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Results for RDF with different water content by Calvet calorimeters

Test No. Sample mass (g) Water mass (%) Isothermal Maximum heat rate per gram  Total heat (Jgt) Calorimeter
temperature°C) of the sample (WW ')
1 4.50 0 27 - - C 80 (standard cell)
2 4.27 5 27 156 6.73 (30.72h) C 80 (standard cell)
3 4.07 10 27 250 8.75(23.67h) C 80 (standard cell)
4 3.61 20 27 354 8.56 (22.89h) C 80 (standard cell)
5 2.26 0 Room temperature - - MS 80
6 2.27 16.54 Room temperature 220 18.73 (75.66 h) MS 80
7 2.24 34.50 Room temperature 276 14.95 (41.72h) MS 80
water vapor sorption test of RDF at 78@ (Table 4), there was
1500, Heatrate O red 1900 80 first exothermic peak only comparable to that a69 Heat
o 3 _ O generation was detected immediately after the data collection
= ; 9 > © began. The heat rate decreased to zero after 9 h, and continued
2. 1000 3 {6002 460 5 .
3 Temperature o 3 = = to decrease to negative values. The total heat was 1043 Jg
® s 2 2 which can raise the temperature of RDF more tha@.#or the
T 500 1300 £ 140 g water vapor sorption test of RDF in the temperature range of
[ - .. .
0 = 24.4-31.2C, similar results to those at 26.33 were obtained
ol el . 0 lag (Fig. 5). The heat generation increased very slowly in the first 5
6 n 16 days. At 5.87 days, a rapid exothermic process began.
Time / day

Fig. 4. Curves of heat rate and total heat vs. time for RDF by C 80 with mesty 7 2 Results by TAM
membrane cell at 26.3%.
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Fig. 5. Curves of heat rate and total heat vs. time for RDF by C 80 with mesh
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membrane cell in the temperature range of 24.4-31.2

The exothermic process occurred in RDF with addition of
water liquid while no heat generation was detected in RDF with-
out additional water at room temperature (Table 5).

For the water vapor sorption test of RDF at*Z5by TAM
with RH control system, the heat generation from heat of water
vapor sorption was detected at the beginning of the test (Fig. 6).
Compared with the results by C 80 with mesh membrane cell, the
heat generation by TAM was much less. When the experiment
was ended at 8.89 days, the heat rate was stableyat\Vgt 1.

3.1.3. Results by Dewar and SIT

In the Dewar tests, temperature in RDF rose continuously
after addition of water liquid. This phenomenon was more sig-
nificant at 50C (Fig. 7). No temperature rise was measured in
RDF without addition of water even though the test lasted more

than 230 h. The data ifable 6show the temperature rise for
sample temperature 3 was the highest among the three tempera-

Table 4

Total heat and adiabatic temperature rise for RDF by C 80 with mesh membrane cell

Testing time (day)  59C 26.33°C?2 78.8°C 24.4-31.2CP
Total heat Adiabatic Total heat Adiabatic Total heat Adiabatic Total heat Adiabatic
@gh temperature  (Jg1) temperature  (Jg'1) temperature  (Jg1) temperature

rise CC)° rise CC)° rise CC)¢ rise CC)°

0.38(9.11h) 6.45 4.54 - — 10.43 7.35

1 13.22 9.31 - — - - — -

3 19.52 13.75 0.33 0.23 - - 0.37 0.26

5 54.57 38.43 11.94 8.41 - - 2.71 1.91

8 250.17 176.55 198.34 139.68 - - 199.74 140.66

a The temperature was heated to°8by heating rate of 0.00% min~? after the temperature had been kept at@7or 8 days.
b The temperature change periodically from 32 to@4n 12 h and then from 22 to 3Z in another 12 h for 8.5 days after the temperature had been kept@t 32

for5h.

¢ The heat capacity of RDF is 1.42 39K 1 [4].
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Table 5

Results for RDF with different water content by TAM

Sample mass (g) Water mass (%) Isothermal temperaturéQ) Calorimeter Maximum heat rate per gram Total heat (Jgb)
of the sample (uWg?)

0.99 0 25 TAM - -

0.94 20 25 TAM 672.57 31.20 (45h)

0.91 50 25 TAM 664.40 21.14 (45h)

0.99 Vapor with 80% RH 25 TAM-RH 97.46 43.99 (8.89 days)

a The test was carried out at 80% RH and with 40.8 mt bf air flow rate.
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Fig. 6. Curves of heat rate vs. time for RDF by TAM with RH control system
g y Y Fig. 8. Curves of temperature vs. time for RDF without additional water by SIT.

at 25°C.
Sample temp. 3 6001
60 Sample temp. 2 B o
‘o o
¢y 55 Sample temp. 1 % 4004 o
s Room temp. 3 MBM with 20% water
2 5 = © MBM with 15% water
S = o MBM with 10% water
© @ 200 o MBM without water
3 45 T g
o >,
E e
(]
= 40 o
0 20 40 60 80
354 r - - - . .
0 100 200 300 400 500 Time / hour
Time / hour Fig. 9. Curves of heat rate vs. time for MBM with different water content by C
80 at 30°C.

Fig. 7. Curves of temperature vs. time for RDF by Dewar &G0

3.2. Results for MBM

ture points and sample temperature 1 was the lowest, indicating
the more water absorbed by RDF the more heat was produced.2.1. Results by C 80

The results by SIT suggest that the onset exothermic For the experiments by C 80 with standard cell shown in
temperature for RDF without addition of water was higherFig. 9, an exothermic peak appeared at the beginning of the
than 130°C (Fig. 8). According to the extrapolated results experiments for samples of MBM with addition of water liquid.
of the linear fitting for the relationship of induction time The peak value of the second exothermic process increased with
and temperature, the exothermic reaction for RDF wouldncreasing water content. There was no heat generation in MBM
occur after 20 days if ambient temperature was’®0and  without addition of water. The total heat values for the samples

38.5hat 120C. of MBM by C 80 are given infable 7.

Table 6

Temperature change in RDF with addition of water by Dewar vessel

Position of thermocouple Temperature drop below 3€/°C Temperature rise rate¢ d 1) Temperature rise above 50/°C
1 3.0°C 0.10 3.4

2 5.8°C 0.22 8.0

3 12.2°C 0.32 9.1
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Table 7
Results for MBM with different water content by C 80
Sample mass (g) Water content (%) Isothermal temperat@e (  Maximum heat rate per gram  Total heat (Jg?) Cell type
of the sample (uWg?)
4.61 0 30 - - Standard
4.06 10 30 221.90 25.40 (77.28h) Standard
3.83 15 30 281.80 24.92 (77.28h) Standard
3.63 20 30 517.89 23.84 (77.28h) Standard
1.50 Vapor 22-32 1895.07 184.12 (6.30d) Membrane-mixing cell

a The total heat of 184.12 J¢ can raise the temperature of MBM more than 8284the heat capacity of MBM is 2.22 J§K~1 [10]).

Temperature Heat rate 320 + 1 150
2000+ | / o 2000 4315 2 Heat rate
- f s it & Total heat
o ) " O "o 240 1 -
1500 &1 911500 @ b o X
% L 2 {900 = 110 3
2 = 1 2
@ 10004 e 1000 @ 2 _— | -
2 : i g o 160 3
5 ‘ T {265 2 2 =
§ 500 1ds00 5 1CE = 1% 8
T : = 2 o 80 o
ol : :
. Tcl>lal heat 0 loap
0 6 12 18 o4 ‘ ‘ 0
Time / day 0 4 8 12
. . . Time / day
Fig. 10. Curves of heat rate and total heat vs. time for MBM by C 80 with mesh
membrane cell in the temperature range of 22:32 Fig. 11. Curves of heat rate vs. time for MBM by TAM with RH control system
at 25°C.
For the water vapor sorption test of MBM from 24.1 to

31.3°C, similar results to RDF were obtained (Figs. 5 and 10)4. Discussion

Heat generation increased very slowly during the first 4 days,

and at 4.23 days, a rapid exothermic process began. 4.1. Spontaneous ignition of RDF

3.2.2. Results by TAM and SIT The results show that heat generation occurred after water

A similar phenomenon for MBM by TAM to that by C 80 was added to RDF. The immediacy of the exothermic process
with standard cell was observed. Compared with RDF, the totadhows this heat generation does not result from fermentation.
heat by water liquid sorption by MBM was a little less (Table 8). According to Walker and Prunfit1,12], heat generation results
For the water vapor sorption test of MBM at 26 by TAM with  from heat of wetting of RDF. Compared with water vapor, the
RH control system, both the heat rate at the beginning of the teskata obtained by TAM suggest that the heat generation was small
and total heat were larger than that of RDF. Similar to RDF, totalvhen liquid water was sorbed by RDF, but the heat of wetting of
heat for MBM by TAM was much less than that by C 80 with RDF by water liquid raises the temperature of RDF by several
mesh membrane cell (Fig. 11). When the experiment was endetkgrees. The results by Dewar vessel reveal that the temperature
at 11.83 days, the heat rate was down tpB7g~1. Obviously,  rise for RDF at 50C was 9.TC.
the total heat for MBM by vapor sorption was larger than for  In the C 80 experiments with mesh membrane cell at 100%
RDF. RH, the heat of vapor condensation was balanced by the heat of

The results for MBM by SIT suggest that the onset exothervaporization of water, and no exothermic process was detected
mic temperature was higher than 18D[3]. The linear fitting  atthe beginning of the experiments at room temperature. A large
for the relationship of induction time with temperature suggest$eat generation occurred after 5 days. Assuming the vapor sorp-
the exothermic reaction for MBM would occur after 20 days attion rate is constant, then the final water content in theory can be
150°C. calculated (Table 9). In fact, the water content is higher because

Table 8
Results for MBM with different water content by TAM

Sample mass (g) Water content (%) Isothermal temperat@pe ( Calorimeter Maximum heat rate per gram Total heat (Jg')
of the sample (uWg?)

1.81 0 25 TAM - -

1.80 10 25 TAM 218.54 6.74 (45h)
1.81 20 25 TAM 422.21 6.22 (45h)
1.08 Vapor with 80% RH 25 TAM-RH 299.71 125.41 (11.83d)

a The test was carried out at 80% RH and with 40.8 mL bf air flow rate.
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Table 9
Vapor sorption for RDF and MBM by C 80 with mesh membrane cell
Parameter RDF MBM
59°C 26.33°C 78.82-78.88C 24.4-31.2C 24.4-31.2C
Total vapor sorption mass (g) 1.08 (38d) 0.65 (15d) 0.95 (7d) 0.25(8.71d) 0.44(17.89d)
Vapor sorption rate (g d') 0.028 0.043 - 0.029 0.024
Vapor sorption mass (g) 0.15 0.23 - 0.17 0.15
Water content in theory (%) 13.80 (5.23d) 17.72 (5.23d) - 15.02 (5.87d) 13.28 (6.30d)

fermentation can be detected when water content in RDF wa& Conclusions

>35% while no gas generation occurred when water content

was=<23%][14]. The large heat generation in the experiments at The temperature rise for both RDF and MBM at room tem-

26.33°C and 24.4-31.2C thus results from fermentation due perature first results from heat of wetting by sorption of water

to the high water content in RDF. liquid and/or vapor. The total heat and the temperature rise of

The experimental results at 59 and 7838by C 80 with RDF depend on the storage conditions, i.e. temperature, water
mesh membrane cell further confirmed this. AP&9 there was content and RH. Compared with liquid, the heat of wetting by
a short exothermic process at the beginning of the experimengorption of vapor is larger, which can raise the temperature of
and then a significant exothermic process after 5.23 days. A&RDF and MBM at 80% RH and 25C more than 30 and 5¢&,
78.8°C, there was a short exothermic process at the beginningespectively. In the experiments by C 80 with mesh membrane
but no second exothermic process. Thus, there is no fermentatiaell lasting more than 5 days for RDF and 4 days for MBM at
process when temperature38.8°C. 24.4-31.2C and 100% RH, a large total heat due to fermenta-

Inthe experiments by TAM with RH control system, the watertion occurs. The temperature for both RDF and MBM reaches
vapor was supplied from outside the sample cell. When the water exceeds 80C. According to the results by SIT, a further
vapor condenses, heat is generated. A higher heat generatierothermic reaction at higher temperature occurs subsequently.
was therefore detected at the beginning of the TAM tests for The spontaneous ignition of RDF and MBM results from
both RDF and MBM (se€igs. 4, 6, 10 and 11). However, the heat of wetting and fermentation at room temperature and a
water content in the RDF samples increased very slowly duéurther exothermic reaction at higher temperature. To prevent
to the lower RH of 80% compared with 100% RH in the C fire accidents from occurring again, it is important to monitor
80 tests with mesh membrane cell. The maximum mass of theelative humidity and temperature inside the organic materials,
vapor throughout the space of the sample cell was only 0.16 gspecially in rain and dew. Long-term storage should be avoided.
The heat generation due to fermentation was not detected in the
experimental period of 9 days.

According to the Special Committee for Investigation on
the Accident of Refuse Derived Fuel Power Station in Mie (1) 1. Tsuruda, The fire and explosion accident on Refuse Derived Fuel
Prefecture in Japan, the hygroscopicity of RDF can increase facilities, in: Information of the 7th Lecture on Fire Prevention Research,
the water content to 14-19% from less than 10% under 90% National Research Institute of Fire and Disaster, Mitaka, Tokyo, 2004,
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