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Chapter 7

Experiments on the interaction of self-heating drums.

7.1. Introduction

From consideration of the previous chapter, it is clear that the experimental determination of the
critical ignition temperature of a normally loaded freight container of hydrated HCH is the definitive
method for determining the ‘safe’ maximum temperature at which this substance can be stored or

transported. However, there is no mention in the open literature of this having been done.

Bowes (1984) has attempted to estimate the critical ignition temperature CIT of freight container
quantities of the anhydrous form of HCH using the usual Frank-Kamenetskii (1969) extrapolation of
experimental CAT data. Due to the previous lack of experimental data, similar predictions regarding
hydrated HCH have not been published. This simple method, while useful in providing some general
information regarding the CIT of the assembly in question, does not account for the local internal
convectional environment (common airspace) or the complex nature of heat transfer within and
through the freight container. Given the sensitivity of this material to the local convectional conditions
discussed in chapter 6, it is imperative to approximate the complex heat balance and heating behaviour
within the freight container if an accurate prediction of the CIT is to be made. These aspects have not

been pursued experimentally and are hence the focus of this current chapter.

While Boddington et al has examined the self-heating problem where thermons are contained within a
heat bath of limited heat capacity with respect to the storage and transport of propellants, this problem
only recently been examined from the perspective of transport within standard shipping containers.
The model of Gray (2000) represents a new attempt to accurately account for the complex heating
phenomenon that occurs when individual containers of a self-heating substance, which Gray calls

‘thermons’, are packed within a larger container of finite heat capacity. Furthermore, using the kinetic
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and thermodynamic parameters discussed in the previous chapter, Gray has applied the model to the
packing arrangements of HDPE and fibre drums filled with hydrated HCH that are typicall of the

configurations found within loaded shipping containers of this material.

Packing a large number of drums of a self-heating substance into a freight container can, for materials
with a low Biot number, result in a different heat transfer regime than that of a single drum. Consider
the case typical of sea transport of this material, where in one standard 6m long freight container, 80 x
200kg drums of hydrated HCH were stacked 2 drums high. In this case, each individual drum was
closely packed within the common airspace of the fully packed freight container, but separated from
the exterior air by a thermal barrier that consisted of steel walls and a timber floor of the freight
container. With this configuration, two types of behaviour are possible depending upon the balance of
the rates at which heat enters and leaves the common airspace. If the freight container exhibits little or
no thermal resistance, then the rate of heat removal from the common airspace will at all times exceed
the rate of heat entry. For this case, the CIT of the assembly will be identical to that of an individual
drum. Conversely, if the freight container exhibits a finite thermal resistance, then the possibility
exists for the rate of heat entering the common airspace to exceed the total heat loss rate through the
walls of the container, thereby accumulating heat within the common airspace. For this condition, the
local air temperature experienced by each drum will clearly not be the same as the air temperature
exterior to the freight container. Given the above situation, the CIT displayed by the entire assembly
will be less than that of an individual 200kg drum. Hence, to accurately estimate the CIT of the entire

assembly, the total heat balance within the common airspace will need to be taken into account.

The work described in this chapter experimentally examines the model of Gray (2000). The
experiments described in this chapter are aimed at verifying the ideas and assumptions of Gray’s
(2000) model. Two CAT’s are examined, the CAT of an assembly consisting of 18 drums of HCH
packed into a steel box and the CAT of a single, but identical, drum placed into the same steel box. In

all experiments discussed in this chapter, the apparatus described in chapter 5 has been used
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(SADT modifications completed) in conjunction with a l4kg HDPE sample drums with lid (0.135m
radius and a height of 0.27m). The 14kg drums were also loaded and instrumented as described in
chapter 5. It should be noted, however, that the entire ensemble (14kg drum contained within the steel
box) was placed into the large oven discussed in section 5. Hence, the only experimental difference
between the experiments discussed in chapter 6 and the experiments discussed in this chapter is that
the sample drums are surrounded by a steel shell. The drums were completely filled with sample so
that when the lid was pressed in place, intimate contact was made with the HCH sample. Throughout
all experiments, individual hydrated HCH samples were taken from the same batch of HCH. The
CAT’s measured during this current study are also compared to the SADT test on an identical 14kg
drum. The CAT values reported in this chapter are generally a result of several individual
measurements, however, for clarity, only the most precise two measurements that bracket the reported
CAT are displayed, that is, the minimum temperature at which critical behaviour is displayed and the
maximum temperature at which sub-critical behaviour is displayed. All data plots have been displayed
with a reduced data set for presentation purposes with all data recorded to at least 1 minute time

intervals.

7.2.  Determination of the CAT of a single 14kg HDPE drum of hydrated HCH using
conditions of natural convection

The aim of the first set of measurements was to determine the CAT of a single 14kg drum of HCH
using the same heating environment as that to be used for the second part of this study. the
‘interaction” experiments. A steel box with a wooden floor of dimensions 0.95m x 0.95m x 0.64m was
used to enclose the loaded and instrumented l4kg HDPE drum of HCH. The steel box was of a
capacity that would allow the close stacking of 18 of the 14kg drums, thus providing identical heating
conditions for both the current single drum measurements and the later interaction experiments. For
the current measurements, a single 14kg HDPE drum was placed in a middle position, position ‘1’ as

shown in figure 7.2.1.
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Figure 7.2.1. An exploded view of the single 1 4kg drum of hydrated HCH showing the positions of the

instrumented containers.

The results for CAT measurements upon the single 14kg drum of HCH are displayed figure 7.2.2.
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Figure 7.2.2. Sub-critical and super-critical temperature time traces for a single 14kg HDPE drum

using conditions of natural convection. .

These data in figure 7.2.2 display the usual divergence between sub-critical and super-critical self-
heating behaviour. The measurement displaying super-critical behaviour was completed at an oven
temperature of 64-4°C £ 0-4°C while the sub-critical run was completed at 60-5°C + 0-4°C. The CAT
for this series of measurements was calculated in the usual manner to be 62-5°C + 2°C. In figure 7.2.2
both of these traces exhibited unusual heating behaviour between 40°C and 50°C, suggesting that at
least one endothermic process is occurring over this temperature range. This feature was also seen in
the 40kg CAT measurements described in chapter 6, although this feature appears to be more
pronounced at this size. While the data displayed in figure 7.2.2 show the CAT measurements for the
container at position 1, a measurement was also completed with the container suspended above
position 1. This measurement also displayed super-critical behaviour at an ambient temperature of

64°C.
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The CAT values measured in this current work were found to be significantly lower than the expected
value of 73-5°C that was determined by the usual interpolation of the Frank-Kamenetskii (1969) plot
using the high temperature data. Initially it was thought that this current sample, which was from a
separate batch to the sample used in chapter 6, was more reactive. This, however, proved not to be the
case. A series of comparative basket experiments and chemical analysis of the sample revealed no
significant difference between the two batches. Since the only detected difference between the current
experiments and the experiments from chapter 6 was the degree of filling it was deduced that the level
of filling was the most probable cause of this anomaly. While all of the commercial containers used in
chapter 6 possessed an airspace between the surface of the sample and the lid when filled, this was not
the case for the current investigation where each container was completely filled with sample. Given
that the surface to volume ratio and the heat transfer regime within a completely filled drum would not
be expected to be identical to that of a partly filled drum, this result is not unexpected. This anomaly,
however, requires further investigation, as the precise mechanism by which the removal of the ullage
from each container resulted in a lowering of the CAT, is not understood. While further investigation
is required to correctly account for this phenomenon, it makes no impact upon the outcomes of this

current work as comparisons in CAT values are made with an identically filled container.

Figure 7.2.3. shows a view of the remains, from inside the oven, of the sample following the super-
critical measurement. The view is slightly to one side of overhead. The image was photographed

following the removal of the steel box.
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Figure 7.3.2: An exploded view of the assembly of 18 x 14kg containers of hydrated HCH showing the

positions of the instrumented containers.

A thermojunction was also positioned between the lid of the container located at position | and the
base of the container located at position 4, that is, at the centre of the interface where the base of the
container located at position 4 slots into the lid of the container located at position 1. It should be again
noted that the drums were completely filled and no air space existed between the HCH contained
within the upper and lower drums. A further thermojunctions was located in the air approximately lcm
above the centre of the container located at position 4. This position was approximately midway
between the upper surface of the container located at position 4 and the top surface of the box. This
thermocouple was used to measure the temperature of the air within the top section of the box.
Additional thermocouples were located between the containers located at position 1 and 3, 4 and 6, 3
and the box and 6 and the box. In the case of the thermocouple located between the containers located
at position 1 and 3, these was positioned vertically at approximately the half height of the drums in
question and and midway between them horizontally. The thermocouple located between the

containers located at positions 4 and 6 were similarly positioned at approximately the half height of
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Figure 7.3.4: Sub-critical and super-critical temperature time traces for the container located at the

middle position of the upper layer of the assembly containers. The dotted line shows the original

heating profile of the super-critical run.

While the sub-critical assembly of containers experienced conditions of natural convection for the
entire duration of the experiment, this was not the case during the super-critical measurement where
the assembly was initially heated without the box, for the first 18 hours. This modification was
undertaken because of time constraints to complete these measurements quickly. Since that E/R is
large for HCH, it can be reasonably assumed that reactant consumption during the warm up stage is
negligible (Bowes, 1984. page 187). Hence, it can be assumed that this modification would have

negligible effect on the behaviour of the HCH.
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In comparing the results of these two sets of data, it was assumed that the different convectional
heating environment prior to the sample reaching ambient oven temperature, would not significantly
impact upon the displayed thermal ignition behaviour of each sample. Hence, the results of these two
experiments have been directly compared. Additionally, the box was placed over the assembly

approximately 0.75 days before reaching ambient oven temperature. Given that the thermal lag (or the
time delay, as a result of the thermal inertia of the HCH sample) between the centre of each drum to a
surface temperature change was of the order of 30 minutes, it was expected that the self-heating
behaviour displayed by the drums heated at an increased rate would not be significantly different to
drums that were heated entirely within the box. Hence, for the presentation and comparison of the
data, the super-critical data in figure 7.2.3 has been displayed in both the original form, with the initial
warming under forced convection, and with the time scale offset by 2 days, which was the time
required for the sub-critical measurements to heat to 53°C. The combination of natural convection in
conjunction with the increased thermal resistance of the box, have clearly extended the induction time
by approximately 280% compared to the forced convection case. Also, and most importantly, these

conditions have reduced the critical temperature for this assembly by 7 °C to 55-2°C 1 2°C.

Figure 7.3.5 shows the temperature time history of the drums located at positions 1 to 6 in figure 7.3.2
at well as the temperature at the interface between the containers at positions 1 and 4. The ambient
temperature of 57-0°C £ 0-4°C is also included. This figure in included providing the reader with an
overview of the thermal ignition sequence; individual detailed aspects of these data are discussed in
subsequent figures. In interpreting these data, it should be again noted that the drums were completely

filled and no air space existed between the HCH contained within the upper and lower drums.
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after approximately 2.2 days. This is an expected result, since the distance from the position of the
initial thermal ignition to the thermojunctions positioned within containers located at positions 1 or 4
is approximately the same as the maximum radius. These data suggest that thermal ignition
commenced at the centre of the two containers at positions 1 and 4, producing a spherical thermal
front radiating outwards at a velocity of approximately 6mm/minute. The front reached the HDPE
edge at roughly the same time as it passed through the positions of the thermojunctions located within
containers located at positions 1 and 4, resulting in the thermal ignition of the hydrated HCH at these
positions. Notice, however, the relatively small differences in heating rates between the
thermojunction located beside the container located at position 4 and container 1 up until day 2.2, after
day 2.2. This increased rate of temperature rise of the thermojunction located at the centre of the
container located at position 1 suggests that the origin of the thermal ignition is closer to the centre of

the drum locate at position 1 than the drum at position 4.

The mechanism by which the steel box lowered the CAT of the assembly compared to that of the
single container, is explicitly shown by the above data. From approximately 5 hours after the
assembly reached ambient temperature, the heat generated by the self-heating sample exceeded the
heat leaving the ensemble, resulting in the progressive increase in local air temperatures above that of
the oven. The above data also show that at approximately 30 minutes before the first thermal ignition
event, the local common air temperature surrounding the container located at position | was 11°C
higher than the ambient oven temperature, while the air surrounding the container located at position 4
was 14°C greater than the ambient oven temperature. Furthermore, given that the thermal lag time of
the centre of these containers to an external temperature change is approximately 30 minutes, then

these local air temperatures are well above the CAT of a single HDPE container.

The above data also show that complex convectional motion develops within the common airspace.
The data suggest that up to a time of approximately 1.9 days, the air within the box heats with little

convection. This would be expected as the the box is suspended within an isothermal air bath. Spatial
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temperature stratification is evident, however, there is little suggestion of convectional mixing since
the three air temperature traces show a relatively linear temperature rise. Also, notice that over the
period between day 1.5 and 2.2, the maximum temperature is not at the top of the container located at
position 4, as one might expect for a convectional system, but rather beside this container. This
suggests that a near static layer of air exist above the container located at position 4, with this layer
cooled by its close proximity to the steel surface of the box. Conversely, if this were not the case and
significant convectional motion was present within the air space contained by the steel box then it
would be expected that the greatest temperature would occur in the upper air space of the box. Notice
that between day 2.0 and day 2.2 the air temperature above the container at position 4 initially reduces
by approximately 2°C before increasing in temperature. This is an important feature and provides
further evidence of a transition to a different heat transfer regime over this time period; suggesting that
the static air between the top of the container and the steel surface has disrupted presumably by the
onset of convection. Notice also, that this initial temperature reduction quickly reverses as additional
heat enters the airspace from the decomposing HCH. The complex convectional behaviour is also
clearly displayed by the transient nature of the temperature trace of the thermojunction located within

the airspace beside the container located at position 1.

Figure 7.3.8 includes the fate of the middle two containers as well as four instrumented containers

located in the other geometrically different positions within the assembly.
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temperature surrounding the containers located at the corners (positions 5 and 6) where the average
local air temperature 30 minutes prior to thermal ignition of these containers is of the order of 85 °C .
It is an interesting exercise to hypothesise the behaviour of this type of assembly if a further ring of
containers were present. Consider an assembly of 50 containers stacked in two layers of 25 containers
packed in rows of five. Also, assume similar times to ignition to those displayed by current
experiment, that is 0.06 days for the containers located on the exterior face and 0.12 days for the
comner containers. By extrapolation of the current air temperature data to 2.4 days it can be seen the
perimeter containers in this larger configuration may be exposed to average air temperatures in excess
of 120 °C 30 minutes prior to thermal ignition. Clearly, these data provide insight into the ignition

pattern of HCH drums within a 6m shipping container.

The above figure suggests that a complex heating process occurs within the steel box with significant
changes in the spatial temperature distribution developing throughout the experiment. The geometry of
the assembly is such, however, that one could postulate that a degree of isolation would exist between
the air movement of the inner air volume surrounding the containers located at positions | and 4 and
the outer air layer between the box and containers located at positions 2, 3, 5 and 6, especially before
the onset of convection. Furthermore, it might also be postulated that the resulting convection currents
would circulate up through the centre air columns between the containers located at positions 1 and 3

and the containers located at positions 4 and 6 and down the cooler surface of the steel box.

The complete results for the measurement completed 53-4°C + 0-4°C is shown in figure 7.3.10 and

figure 7.3.11.
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Figures 7.3.10. and 7.3.11. show similar heating features to the super-critical measurement. Thermal
stratification in common air temperatures is again evident and notice that the interface between the
containers located at positions 1 and 4 is again has the highest temperature. Clearly these data show
that even with a moderate degree of self-heating the individual drums can ‘feel’ the heat flux from

neighbouring drums.

74.  Investigation of the thermal ignition behaviour of stacked 40kg HDPE drums of

hydrated HCH using conditions of natural convection

The study described in section 7.3 suggested that the thermal ignition of a vertical stack two fully
filled 14kg HDPE drums of hydrated HCH would commences at the geometric center of the stack.
This geometry, however, differs from configuration where commercial drums of hydrated HCH are
stacked, since an airspace will exist between each drum layer. While a similar amount of interactive
heating would be expected for both configurations, the question must be asked as impact of the
trapped airspace upon thermal ignition behaviour and the thermal ignition sequence of the drums.
Hence, to examine the behaviour of stacked commercial drums of hydrated HCH the experiment

discussed in this section was undertaken.

In this experiment two 40kg HDPE drums of hydrated HCH were stacked vertically within a steel box
with a wooden floor with dimensions 0-612m x 0-612m x 0-952m. The apparatus described in section
5.3.3 and used in section 7.3.1 was used and the drums were instrumented in the standard way. Due to
a limited quantity of sample, only a single experimental measurement was possible. As such, it was
decided to complete the experiment a few degrees above the critical temperature for this drum size and
hence, to qualitatively examine the general thermal ignition behaviour and compare the thermal
ignition order to that displayed in section 7.3. Therefore, the CAT of this assembly was not

‘bracketed’. Figure 7.4.1 shows the results of this experiment.
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The unreliability of the SADT test for determining the critical ignition temperature of an assembly of
self-heating bodies is self-evident in the above figure. In the above example, the SADT would have
reported that the sample was allegedly safe to transport at this temperature. Clearly, the definition used

to define the test package presents a significant safety problem for the maritime industry.

7.6. Heat transfer coefficient measurement of shipping container

To predict accurately the CAT of a shipping container packed with hydrated HCH, in addition to
accurate kinetic and thermodynamic parameters, the heat transfer coefficient of the shipping container
was also required. The apparatus and method discussed in section 7.6 was used and the results of this

are shown in tabular form in table 7.1 and graphical form in figure 7.6.1.

Table 7.1
Temperature rise and electrical Power results from heat transfer coefficient measurements of a

6 m shipping container.

Temperature rise (AT°C) Power (W)
7.9 1867
18.85 4957
19.4 5106
254 6666
324 8929

These results tabulated in table 7.1 are plotted below assuming Newton's law of cooling enabling the

heat transfer coefficient to be calculated from the slope of the line.
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Figure 7.6.1: Plot of the power and temperature data for the determination of the heat transfer

coefficient of a shipping container.

From the gradient of the plot above figure, the heat coefficient for the freight containers was

determined to be 3.5 W/m’K



7.1. Interpretation

The results of the CAT study undertaken in this chapter are shown in table 7.1.

Table 7.2

Measurement

Critical Ambient Temperature (°C)

Single 14kg drum in forced convection
(SADT conditions)
18 x 14kg drums packed into a steel box

(Still air conditions)

62:5+2

55+2
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Using the formula developed by Gray (2000) and presented in 1.2.4.2, the CAT values for the

assembly of drums investigated in this chapter can be calculated. The measured CAT’s as well as the

calculated CAT’s of freight container quantities of this material are shown in table 7.2

Table 7.3

Determination Measured CAT (°C) | Calculated CAT (°C)
18 x 14kg drums packed into a steel box 55%2 562

432 x 40kg HDPE packed in a freight container 42-6

80 x 200kg fibre packed in a freight container 3t
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The above table shows good correlation between the measured and calculated CAT for the assembly

studied in this current chapter.

It should be again noted that the model calculates CAT values using the assumption of ‘well stirred’
air conditions within common airspace. As discussed in section 1.2.3, while this assumption
simplifies the solution of underlying formula, it does not significantly impact upon the calculated CAT
value of the assembly. By examining the sensitivity of the calculated CAT to the heat transfer
coefficient through the common airspace, it is found that the calculated CAT is upper bounded as the
heat transfer coefficient tends to infinity. The upper bound for 432 x 40 kg drums of hydrated HCH is
44.6°C while the upper bound for 80 x 200kg drums is 32.5°C. Hence, the CAT values calculated
using the well-stirred assumption tend to be closer towards this upper limit and are thus less
conservative. Given that the calculated CAT values tend to reduce as the well stirred assumption is
removed, combined with the calculated CAT values in the second two rows in table 7.2, very

significant concerns exist regarding the safety of transporting large quantities of this material.

The behaviour of the air inside the box during both the sub-critical and super-critical interaction
experiments gives very useful information regarding the mechanism by which the heat balance is
modified as a result of the additional thermal resistance of the steel box (or freight container). The
accumulation of heat within the common air environment was found for each interaction experiment
resulting in an increase in the local air temperature surrounding each drum. While the detail of this
behaviour has been discussed previously, this information forms further strong evidence to vindicate

the model proposed by Gray (2000).



225

1.8. Discussion

The results of this current study have shown that the idea of interactive heating as proposed by Gray
(2000), is essentially correct. Even with only 18 drums packed within a confined space, a significant
lowering in CAT was found compared to a single drum. Other than the experimental determination of
the CAT of a full sized freight container of this material, the CAT values using this model represent

the most reliable available, for the given assumptions of the model.

The results of this study also suggest that the CAT of a closed drum of hydrated HCH, such as the
commercial drums used in this study, are sensitive to the degree of filling. These current results
suggest that the completely filled drum may possess a slightly lower CAT than a drum that posses an
airspace above the reactive sample. While this aspect has not been investigated fully in this current
study, this finding has potential implications for both the manufacturing and transport industries of this
material, if the percentage loading of commercial drums was increased. This aspect may have

implications with respect to the reproducibility of the industrial filling process of each drum.

The data from this study has alluded to the thermal ignition sequence of the individual hydrated HCH.
The data suggest that thermal ignition would commence in the centre of the loaded freight container
and progress sequentially outwards. The outermost individual drums, while the last to ignite, would
also experience the greatest local air temperatures that have been shown to be at least 100°C above the
temperature outside the freight container, but could possibly be several hundreds of degrees above this
exterior temperature. It is possible with such a rapid rise to such extreme temperatures that explosions
may be induced, commencing in the outer layers of this assembly; this is especially the case when

transported in closed steel drums.

The results of this study have general implications for any industry that wraps or transports drums or

packages of self-heating material. The innocuous ‘shrink wrapping’ of pallets could, under certain
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conditions reproduce the general findings of this current study. If the relative magnitudes of the heat
transfer coefficient through the film to the convectional heat transfer at the film/air interface is
considered, then the overall heat transfer coefficient is significantly influenced by the latter. As such,
the overall heat transfer coefficient value is insensitive to the type of material enveloping the stacked
drums. Thus, when an assembly of the self-heating bodies is shrink wrapped onto a pallet, the overall
CAT will be lower than that of the individual unit. Clearly, this effect has significant implications
where the reactive material is shrink wrapped onto a pallet and then packed into a freight container or

onto an enclosed truck.

If the SADT test is again examined, then an additional shortcoming, to those already discussed in
chapter 6 becomes apparent in the definition of the term ‘package’. Given the vagueness of this
definition (discussed in section 6.10), the test not only does not account for the prevailing convectional
conditions surrounding individual drums, but it also fails to specifically address the interactive heating
issue. In this aspect, the definition of the term ‘package’ clearly becomes most important. If the test is
undertaken on the largest individual drum (not the complete assembly) then the SADT measured
would clearly NOT reflect the actual critical ignition temperature of the freight container. In this case,
the maximum ‘safe’ temperature reported for transportation could be many degrees above the critical
ignition temperature of the assembly. It is important, therefore, in situations where the freight
container itself has the potential to lower the overall critical ignition temperature of a complete
assembly, to undertake this test on a loaded freight container. The conundrum for this scale test to be
meaningful, however, is that the arbitrary time limit would need to be removed, since a body of this

size would most likely display an induction period that would exceed of the 7 day time limit.

A further interesting aspect to this self-heating problem becomes evident when the time to ignition of
the loaded freight container is also considered. From a self-heating perspective only, consider the
situation where very massive individual drums are packaged into a freight container. In this case, the

induction time of the body would exceed the typical voyage period of approximately 1-2 months. The
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freight container, in this case, would be unpacked well before the temperature of the individual drums
reached the ambient hull temperature aboard the ship. Hence, while this size assembly would be
classified as very super-critical, it could be safely transported as long as the voyage time was not
greatly extended. Indeed, many reactive substances are transported in this manner including coal and
live animals, where the coal or feed stored in the hold is generally of a super-critical size. If the
individual drums size considered is now progressively reduced, then the assembly, as a result of the
reduced induction time and corresponding increased in critical ignition temperature, could reach an
optimal size whereby thermal runaway would be possible during a typical voyage. Clearly, this would
depend upon the relationship between the critical ignition temperature and the induction time of the
body. At the other extreme, for individual drum that are smaller then this optimal size, the critical
ignition temperature would be so high that this temperature would not be achieved during normal
voyages. Hence, for a given transport time and hull temperature, a critical size/s may exist which are
of optimal size for thermal ignition. An interesting aspect here is that from a self-heating perspective
only, it would be safer to transport very massive individual packages, a point that would seem, upon

first consideration, to contradict the usual thinking regarding size and safety of self-heating bodies.

7.9. Conclusions

| The predictions of the theory of interactive heating proposed by Gray (2000) that
addresses the concept that heat generating bodies when placed in close proximity within a
finite capacity heat bath, interact to lower the overall critical ignition temperature of entire
ensemble, is in accordance with the experimental results of this current study.

2 The CAT of 18 x 14kg HDPE drums of hydrated HCH, when packed into a close fitting
steel box, is 7°C lower than the CAT for a single identical drum placed in the identical

heating environment
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The SADT test is not capable of addressing the interactive heating affects that occur when
many self-heating bodied are closely packed within a larger container of finite heat
capacity.

The SADT test has significant potential to report an unreliable ‘safe’ transport temperature
that, under certain conditions, may be many degrees larger than the critical ignition
temperature of the body.

The induction period of an assembly of self-heating bodies is greatly increased as a result

of the overall thermal resistance of the larger container.
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Chapter 8

Conclusion

8.1 Preamble

As stated in chapter 1, this thesis is concerned with the investigation of the self-heating phenomenology of
bagasse and the spontaneous thermal ignition of calcium hypochlorite. While these materials are
chemically and physically different they present related spontaneous combustion hazards for each
respective industry. The emphasis of this thesis has been to provide experimental evidence from which
predictions can be made regarding the spontaneous combustion hazard when industrial quantities of these
materials are stored or transported. For both materials, the experimental approach has followed an initial
laboratory scale investigation followed by large scale field measurements. In both cases, the experimental
laboratory data as well as the field measurement have provided key data for a predictive mathematical

model. This chapter presents the conclusions drawn from the results of each study.

8.2  The self-heating of Bagasse.

Chapter 2 presents the findings of laboratory measurements from oxidation and isothermal calorimetry

measurements on bagasse. This study found:

1. Bagasse exhibits a strong moisture dependence with respect to reaction rate at moistures of greater
than 30% (dry basis). Negligible reaction is displayed at moisture contents below 25 to 30%,
while at moistures above this value, oxidation rates of up to 6 nmolg™'s™ of oxygen are displayed.

2. At temperatures of 50°C oxidation rates in the order of 0.8 nmol/g/s of oxygen have been
measured while at 60°C oxidation rates between 0.09 and 0.8 nmol/g/s of oxygen have been
measured. Peak oxidation rates of 3.1 nmol/g/s of oxygen and 6.9 nmol/g/s of oxygen have been
measured at 70°C and 90°C respectively.

3. The rate of heat generation from bagasse has been measured to be directly related to the rate of

oxygen consumption.
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4 The oxidation chemistry of bagasse is complex with samples from different seasons displaying
significantly different oxidation and heating behaviour. Bagasse from the 1997 season displayed
reduced reactivity compared to the sample from the 1996. It is not known whether this difference is

due to seasonal or regional factors as the exact source of the bagasse is unknown.

Chapter 3 presents the results of large scale field measurements upon bagasse stockpiles designed to
simulate simple infinite slab type geometry. The temperature, moisture and permanent gas concentration
was measured for stockpiles of different widths and densities.

These measurements found that:

1. Bagasse stockpiles of sufficient width, can quickly self-heat to a quasi-steady-state temperature
following formation. While at this temperature. the stockpile loses moisture by evaporation and diffusion
processes until the moisture concentration falls below a critical concentration, whereby the heat release

rate drops significantly and the stockpile cools to a temperature close to ambient air temperature.

2. Following cooling from the quasi-steady-state temperature, the bagasse stockpile will remain stable

with little heat being produced.

3. After cooling from the quasi-steady-state temperature, a stable bagasse stockpile may undergo further

wet oxidation with an associated rapid thermal increase if the stockpile is sufficiently remoistened.

4. The Reaction-diffusion model of Stored Bagasse (Macaskill, Sexton and Gray, 1998) captured the main

self-heating features of the experimental results discussed in that chapter.
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5. It is possible, using the energy generated by the wet oxidation reaction, to dry bagasse from its nominal
moisture concentration of 50% (wet basis) to a minimum moisture concentration of between 15 and 25%.

This aspect may have industrial applications if a cost effective storage method can be developed.

As a conclusion the, results of the investigations into the self-heating of bagasse suggest that the self-
heating of bagasse (and cellulosic materials in general) is not a result of microbial action as has been

suggested by other researchers Rothbaum (1963). This is clearly an area for further work.

8.3  The self-heating of Hydrated Calcium Hypochlorite

Chapter 6 presents the results of CAT measurements of up to 200kg on commercial hydrated calcium

hypochlorite. These measurements found that:

1. The thermal decomposition of hydrated HCH involves at least two distinct reactions. Each reaction is
individually consistent with F-K theory of thermal ignition over a limited temperature range.

2. The activation energy of the reaction that is dominant below 120°C is 48-5+1.8kJmol

3. Biot numbers for commercial containers of hydrated HCH are in the region where the critical ignition
temperature is sensitive to the surrounding heat transfer characteristics.

4. Correction for finite Biot number has improved the agreement of the raw experimental data to F-K
theory.

5. The CAT of a 40kg container, measured using forced convection conditions in a temperature
controlled oven, is 60-1°C while the CAT of an identical container. measured using conditions of

natural convection, is 55-2°C

6. The CAT of a 200kg drum, measured using conditions of natural convection, is 43-4°C.
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7. The use of small-scale, and therefore high temperature data alone for the prediction of the critical
ignition temperature for commercial quantities of hydrated HCH, will give incorrect values that may
be up to 40°C above the CIT.

8. The SADT test has the potential to report an unreliable and more importantly, report a less
conservative; ‘safe’ transport temperature for a material with a low Biot number.

9. The results of the measurements in chapter 6, combined with the calculated low activation energy,
suggest that the critical ignition temperature of commercially shipped quantities (13 — 18 tonnes) of
hydrated HCH may be in the temperature range prevailing within the holds of ships, particularly in
tropical waters.

10. At the time of thermal runaway, HCH can produce sufficient temperature rise to ignite the HDPE

containers that are commercially used to transport this material.

Chapter 7 presents the results of experiments on the interaction effect exhibited when a number of drums

undergoing self-heating are placed within a confined space. The findings of this study were:

1 The predictions of the theory of interactive heating proposed by Gray (2000 that addresses
the concept that heat generating bodies when placed in close proximity within a finite capacity
heat bath, interact to lower the overall critical ignition temperature of entire ensemble, is in
accordance with the experimental results of this current study.

2 The CAT of 18 x 14kg HDPE drums of hydrated HCH. when packed into a close fitting steel
box. is 7°C lower than the CAT for a single identical drum placed in the identical heating
environment

3 The SADT test is not capable of addressing the interactive heating affects that occur when
many self-heating bodied are closely packed within a larger container of finite heat capacity.

4 The SADT test has significant potential to report an unreliable ‘safe’ transport temperature
that, under certain conditions, may be many degrees larger than the critical ignition

temperature of the body.
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5 The induction period of an assembly of self-heating bodies is greatly increased as a result of

the overall thermal resistance of the larger container.

In both of the investigations presented in this thesis the results obtained have been used to address
industrial spontaneous combustion hazards. The bagasse study has provided key data for the model by
Macaskill, Sexton and Gray (1998). This model is currently used as a predictive tool to evaluate the
spontaneous combustion hazards of bagasse stockpiles of various sizes and geometries. The calcium
hypochlorite study has similarly provided key experimental data. The model of Gray (2000) has been used
as a predictive tool to determine the critical ignition condition for commonly transported quantities of

calcium hypochlorite.
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