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ABSTRACT

Since fires can develop from endogenous smouldering combustion processes deep
inside packed beds, especially domestic refuse beds, it is a major task in early fire
detection to detect the indications of such combustions as early as possible. Since it is
believed that the surface temperature distribution of the bed is affected by the heat and
mass transfer from a source of endogenous combustion deep within the bed, the
measurement of the surface temperature using IR-Thermography (IRT) has been
supposed to be the most promising technique in early combustion detection.

The present work thus deals with the heat and mass transfer from endogenous sources
of combustion in packed beds, particularly domestic refuse beds, in order to predict the
temperature distribution inside and at the surface of these beds and thus, to allow for
an assessment of IRT based early combustion detection systems. An
IR-thermographically measurable surface temperature increase will only be achieved
by sufficient heat transfer from the source of combustion. Experimental procedures and
mathematical modelling have shown that the heat transfer by conduction and radiation
is ineffective and therefore, no indication will be obtainable from the surface
temperature distribution. A more satisfactory increase in the surface temperature is
given as soon as additional heat is transferred by the diffusion of gaseous combustion
products. As a result, the heat transfer by convection from the hot combustion gases is
theoretically analysed, in particular the way in which the gases flow from the
combustion to the surface of the bed. The results obtained show that the gas flow is
initiated and maintained by buoyancy and thus the gas tends to flow vertically towards
the surface with minimal collateral diffusion. It was also shown that heterogeneous
polydispersed beds can be treated as homogeneous monodispersed beds as long as
average values for the characteristic bed properties can be obtained. Based upon that,
a mathematical continuum model was derived by which the temperature distribution
inside and at the surface of the bed could be predicted.

The theoretically obtained results and their implications were then experimentally
verified, confirming that heat is predominantly vertically transferred by the gaseous
combustion products. The two final sets of experiments were undertaken in a 27 m®
batch of a representative sample of domestic refuse and a batch of wood chips.
Comparing the experimental results with the mathematical predictions, a certain
deviation becomes apparent, which is attributed to the not exactly one-dimensional
condition inside the bed and especially to the effect of condensation and re-evaporation
of the water content of the combustion gas, which has not been included in the model.
The temperature of hot spots at the surface, that have the size of only a few
square-centimetres, increased to the dew point temperature of the combustion gas, i.e.
65 °C to 85 °C, within the first hour after ignition but remained almost constant at this
level for several hours. About 30 minutes before the combustion proceeded to the
surface, their temperature increased rapidly but not their size. The rapid temperature
increase was attributed to the condensation and re-evaporation ceasing because the
entire bed had heated up to a temperature at which these effects no longer occur.

All results obtained, especially for the surface temperature development, allow for an
assessment of IRT based early combustion detection systems. Whilst, on one hand,
sources of endogenous combustion are principally detectable from the surface
temperature distribution, on the other hand, the reliable detection of the very small hot
spots requires a spatial resolution of the system, which is up to ten times higher than
recent state-of-the-art systems can provide. ’
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1 INTRODUCTION

One of the major problems of collecting domestic refuse and then storing it in a bunker
on an incineration plant is that it is liable to become a fire hazard [1]. The combustion
process can be initiated in many ways and once a fire has started there are two
undesirable effects:

1. The structural damage to the plant caused by the fire and

2. the environmental damage caused by the uncontrolled combustion and the method

by which the fire is extinguished.

Following a number of disastrous fires in the storage bunkers of domestic refuse
incineration plants, legislation requiring the installation of automatic combustion
detection systems was introduced in Germany in 1991 [2, 3, 4, 5]. Although there is no
specification as to which kind of system should be used, it has been proposed that
such systems should use IR-Thermography for the measurement of the surface
temperature of the refuse bed. It was believed that a source of endogenous
combustion deep within the refuse would be detectable from so-called hot spots within
the surface temperature distribution [6], thereby providing the means for automatic
warning of a potential fire using an appropriate alarm threshold surface temperature [6,

7]

As yet, not all plants in Germany are equipped with such systems but of the more than
twenty existing plants that have been, the equipment used and their installation and
operating practices are not yet standardised. This situation has arisen because opinion
varies as to the effectiveness of such systems and how best to apply and interpret the
results they give [8, 9], in particular because fire events took place [10, 11, 12, 13, 14],
even in plants that have been equipped with early combustion detection systems.
Additionally, quantitative understanding of the effect of an endogenous combustion
source on the surface temperature distribution of the refuse bed has, until now, not

been investigated.



Therefore, the objective of this thesis is to analyse the heat and mass transfer inside

refuse beds in order to predict the temperature distribution inside and at the surface of

these beds. The aims of this work are twofold:

¢ To investigate the heat and mass transfer phenomena which occur inside the body
of refuse material from an experimental and analytic viewpoint. In this way, the
origin and propagation of the combustion may be explained and the associated bed
and surface temperatures of the material may be predicted.

¢ To develop and test on-site a method of early combustion detection, in particular
assess the potential for using IR-thermographic techniques for surface temperature

measurement.

Starting with a review of published material covering the origins of combustion in
packed beds together with the heat and mass transfer processes involved, the thesis
proceeds with a review of the various techniques which are available for the early
detection of combustion processes. Thereafter, mathematical models for predicting the
temperature distribution inside and at the surface of the bed are reviewed. It then
follows a detailed account of experiments undertaken to analyse the nature of the
start-up processes of self-ignition, the general development of endogenous combustion
processes and the corresponding temperature distribution inside and at the surface of
the bed. Thereafter, the thesis proceeds with a presentation of the experimentally
obtained results. This is then followed by a critical discussion of the experimental work,
the derivation of an appropriate mathematical model and the analytical interpretation of
the heat and mass transfer in comparison to the experimental results. Finally, an
opinion on state-of-the-art IR-Thermography systems for the early detection of
combustion processes inside refuse bunkers is given and potential improvements are
presented before conclusions are drawn and recommendations are given for further

work.
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LITERATURE REVIEW



2 LITERATURE REVIEW

2.1 Packed bed storage and properties of domestic refuse in Germany

At present, two thirds of German domestic refuse is stored in disposal sites and the
remaining third is thermally treated in more than 50 incineration plants with an overall
annual capacity of more than 14 million tonnes [15]. Dust carts deliver the refuse from
the households to the incineration plants, where the bulky parts are reduced in size

using shears or grinders. The refuse is then stored inside a bunker, as shown in Figure

2.1, until required for incineration.

Figure 2.1 Photograph of part of a refuse bunker with the refuse delivery at the

bottom left.

The refuse is built up to a wall to keep the delivery clear.
Although the bunkers are designed to be a short-term storage facility only, the refuse is
sometimes stored for several days before it is incinerated, depending on the
combustion capacity and the magnitude of delivery. Generally, the crane operators mix
the refuse during storage and in particular before incineration, in an attempt to achieve

a more uniform calorific value, because of the very heterogeneous composition of

domestic refuse.



In order to analyse the heat and mass transfer in domestic refuse beds, the
composition and properties of the refuse must be determined. Since the refuse varies
even regionally, individual compositions can neither be taken into account nor will they
be representative. Thus, average data on domestic refuse must be used. The most
recent and comprehensive statistical data on domestic refuse in Germany is based on
an analysis in 1993 [16], of the refuse inside the household bins at the time of

collection. Bulky refuse was thus not taken into account.

Since 1993 the refuse composition will have undergoing changes due to the
introduction by "Duales System Deutschland AG" (DS) of a new refuse bin for all
recyclable material, except for glass and paper. 51.6 % of sold packages of any kind
were collected by the DS refuse bins in 1993, which increased to 86 % in 1997 [17]. A
third refuse bin has been regionally introduced that is to be used for organic refuse. As
a consequence, the refuse composition has changed over the last 10 years. Since
more comprehensive data on the refuse composition is not available and bearing in
mind that the composition is not uniform at all, the data presented in reference [16] will
be used for the analysis of domestic refuse. Table 2.1 lists the mass percentages of
the principal components given by [16], and their properties taken from various

literature, such as [18].



Table 2.1 Average properties of the collected domestic refuse in Germany (1993) [16,

18
Component ] % by |Density |% by Thermal Specific
mass volume |conductivity [heat capacity
kg/m® Wi(m K) kJl(kg K)
Paper/Cardboard 18.0 820 15 0.140 14
Cardboard 21 800
Paper and Magazines 6.4 800
Mixed paper 4.8 800
Kitchen tissues 25 870
Other 22 800
Plastics 5.9 1020 5 0.297 14°
Bulky parts 26 1120
Plastic bags (HDPE) 0.9 950
Foils (LDPE) 22 920
Polystyrene 0.1 1070
Disposable cutlery 0.1 1100
Glass 7.2 2500 2 0.810 0.84
Fabrics 2.0 340 5 0.042 0.85¥
Wood (average) 11 720 1 0.166 1.74
Metals 33 7380 1 92.182 0.26
Tins (tinplate) 1.8 7850
Tins (Aluminium) 0.1 2700
Drinks cans (tinplate) 0.7 7850
Aluminium packages 0.1 2700
Other (tinplate) 0.4 7850
Other (aluminium) 0.1 2700
Aerosol cans (tinplate) 0.1 7850
Organic refuse 27.7 1100 31 0.45 3.13%
Composite materials 6.2 960 5 0.269 1.25°
Composite paper 0.1 800
Drinks composite packages 1.0 800
Composite packages 1.3 1000
Other 3.8 1000
Inert matter 1.5 1500 1 2.0 0.8
Unsorted fraction <40 mm {223 (943 ° 29 1.82° 1.92"
Unspecified ” 4.8 943 5 1.82 1.92
Total without any voids 100 943 © 100 See section [1.92¢
3141
Measured density of the
refuse collected from the
household bins, incl. voids 167 [16]

a)

b)

Estimated value

have been used
0

d)
mass fractions

Since no specific data is available, the average values of all known components

Average values calculated from the individual density values and volume fractions
Average values calculated from the individual specific heat capacity values and




2.2 Fire hazards from endogenously initiated smouldering combustion
processes in domestic refuse beds

Smouldering is a slow, flameless combustion processes without the emission of light
[19], that can take place inside all areas with limited ventilation [20]. Usually, little
smoke is emitted but does contain harmful substances due to the non-stoichometric
combustion. When temperatures increase within the matter, glowing combustion takes
place, which is the combustion of solid matter without flames but with light emission
[19]. Both, smouldering and glowing combustion can lead to pyrolysis of adjacent |
material. Pyrolysis is an irreversible endothermic chemical decomposition caused by
rising temperature but without oxidation. Since the chemical reactions during thermal
decomposition are very complex and oxygen availability usually cannot be excluded,

- oxidative processes mostly take place, leading to so-called oxidative pyrolysis [19].
Smouldering, glowing and pyrolysis mostly occur simultaneously, which makes it
almost impossible to differentiate between these processes. Therefore, the
combination of these processes is referred to as smouldering combustion. In contrast
to flaming combustion that can be detected easily by vision, smouldering combustion is
more difficult to discover and thus always bears the risk of proceeding to an open fire

without being noticed [20]. In particular, this applies to domestic refuse beds [4, 5].

There are various sources that can initiate smouldering combustion processes in
domestic refuse beds, e.g. small hot particles [21] or fermentation of biological material
[22]. Refuse, stored in large quantities, is hence always liable to become a fire hazard
from endogenously initiated smouldering combustion processes. Generally, the
sources that initiate these combustion proceéses can be divided into external and
internal sources. External sources have their origin outside the refuse bed and hence,
they transfer heat energy into the bed. Internal sources have their origin inside the
refuse bed without any transfer of heat energy into it. Due to the composition of the

refuse, these sources of ignition usually cannot be entirely avoided.



2.2.1 External sources of ignition in domestic refuse beds
External sources transfer heat into the refuse bed from the environment. Flames,

sparks and other glowing materials as the most important external sources.

Flames, having temperatures in the range of 640 °C to 900 °C [21], transmit heat
mostly by radiation which can be split into 20 % light and 80 % heat emission [23]. The
transferred energy may lead to self-accelerating oxidation [24] and hence ignition of

adjacent materials. More detailed information is given in [25, 26).

Sparks are usually produced by friction when kinetic energy is converted into heat
energy and small particles of material become separated. Particles of low energy
usually cool down quickly so that ignition of other solid materials can be virtually
excluded, whereas particles of high energy are likely to react exothermically. Whilst in
contact with atmospheric oxygen, the amount of the heat increases usually about

1000 %. The heat of a spark is transferred by conduction (70 %) and radiation (30 %)
[27]. The ignition of solids is only possible if the mass of the spark is sufficient or the
enthalpy of the spark increases during oxidation. Gases and vapours can be ignited
more easily if the energy of the spark reaches only 10 % of the necessary ignition

energy and the spark temperature is above the gas ignition temperature [28].

Wood and cellulose are the most common examples of glowing materials. The glowing
process can be split into three zones that differ regarding the chemical reactions [29,
30], the temperature and heat balance, the gas exchange, the pyrolysis products and
the dependence on the airflow. Other bed materials can be easily ignited by already

glowing material [31, 32].

Ignition by a hot surface can be distinguished into two types, that is direct or
instantaneous ignition and ignition caused by a build-up of heat. The first is

characteri'sed by the temperature of the hot surface being higher than the ignition
9



temperature of the material subject to ignition. Heat can be transferred by conduction,
convection or radiation and the material is set on fire instantly or with very little delay
[33]. In contrast, ignition caused by build-up of heat is characterised by the temperature
of the hot surface being equal to or below the ignition temperature of the adjacent
material. Usually, the heat is transferred by conduction or, in very few cases, by
radiation if the distance is very small [34]. Ignition is only possible if the received
amount of energy is higher than that passed on to the environment. This might result in
an increase of temperature, thermal processing or the acceleration of auto-oxidative

processes within the adjacent material, possibly leading to ignition.

2.2.2 Internal sources of ignition in domestic refuse beds

Internal sources may spontaneously generate heat inside a bed of combustible matter,
e.g. auto-oxidation processes. If a substance produces enough heat, it might ignite
'itself or adjacent material with a lower ignition temperature. Catalytic effects may

support or accelerate these reactions [35].

Generally, two spontaneous heating processes can be distinguished, namely the
classic spontaneous heating and the temperature controlled exothermic reaction [35].
The classic spontaneous heating is characterised by the process being initialised at
ambient temperature and the internal generation of heat within the system itself. The
most common examples are thermal effects of mesophilic and thermophilic
rhicro-organisms inside hay [22] and the auto-oxidation of coal stored in large piles
[36]. In contrast to these reactions, exothermically initiated reactions require a higher
temperature level for initiation, e.g. the exothermic combustion of wood caused by a

hot surface that starts at 80 °C to 110 °C [37].

All spontaneous combustion processes, except special gas explosions, require a
certain time for development, referred to as the spontaneous heating phase [40]. Within

this phase, the exothermic chemical, micro-biological or biochemical processes taking
10



place initially heat up the matter above ambient temperature. In many cases,
spontaneous heating takes place in cellulose containing substances [38]. Following
auto-oxidative processes, the substance becomes carbonised and very reactive
surface layers of charcoal develop that have a high specific surface area. Oxygen can
be taken up within these areas and an autonomous exothermic reaction begins that
might succeed to smouldering combustion [39]. Whether or not spontaneous heating

eventually leads to ignition depends on several conditions [40]:

The rate at which heat is generated and removed from the material being oxidised.

This becomes more complex if the heat is removed from the oxidised material but is

directly transferred to adjacent material. In this case, a material different than the

oxidising material may undergo ignition, possibly accelerated by catalytic reactions.

+ The ignition temperature of a fibrous combustible material, hydrocarbon or any
gases liberated by oxidation.

e The specific surface area of the hydrocarbon exposed to an oxidiser.

e The moisture content of the atmosphere present and of the material itself..

Both, the chemical and the biological initiation of self-ignition are very complex and not
yet fully understood. More information on the chemical processes can be found in
reference [41, 42, 43] and detailed information on the biological processes is given for

example in reference [22, 44, 45, 46].

2.2.3 Fire events at German refuse storage facilities

In the past, several fire events inside refuse storage bunkers resulted in such immense
impairments to the plant that the damage and the disposal of the water contaminated
refuse lead to an economic write-off of the plant [47]. In order to avoid these fires or at
least to minimise the future risks by means of early detection, the fires of the past
should be analysed in terms of initiation and propagation. The major difficulty in
analysing such fires is that official statistics concerning quantities, extents and causes

[47], are generally not available to the public. The plant authorities in Germany do not
11



provide any information but try to play down the fires and their consequences because
every fire is a potential environmental hazard. A disastrous fire inside the refuse bunker

of the incineration plant in Darmstadt, Germany in 1995 is a good example of this.

Detailed information was not given by the authorities, even though the fire devastated
the entire bunker and surrounding parts of the plant. The only officially released
information about fires at domestic refuse storage facilities [10, 11, 12, 13, 14] has
been analysed and a summary of the results will now be presented. The detailed
analysis is given in Appendix B.1. An interview with the crane drivers of the domestic

refuse incineration plant in Essen, Germany is presented in Appendix B.2.

Fire events have often been reported that emerged from areas of the refuse bed that
have been accessed by the crane a very short time before the flashover took place.
These fires can be put down to either the ignition of combustible gases and/or to
smouldering combustion underneath the surface. Combustible gaseé, accumulated
inside the heap and ignited by for example a spark from the crane grab, may have
been solvent vapours or methane gas from fermentation processes. An already
developed endogenous smouldering combustion might have produced combustible
pyrolysis gases as well, which ignited on exposure on atmospheric oxygen when the
grab picked up the refuse matter and uncovered it. The flashover might then occur due

to the rapid temperature increase by the accelerated oxidation.

A self-ignition process inside the refuse material has been assumed to be the cause of
another fire. The authorities confirmed that “these processes occur from time to time”

[13].

Another fire started near one of the refuse delivery locations of a bunker [14], leading to
the conclusion that already smouldering refuse has been delivered to the bunker by a

dust cart. When such a refuse is charged into the bunker, the higher oxygen availability
12



might lead to a temperature increase and flashover. Usually, the delivery locations are
frequently accessed and therefore it can be assumed that there has not been a long-

term process of fermentation or smouldering within the refuse bed.

Generally, a fire is likely to spread rapidly once the combustion has reached the
surface, because of the high flammability and the high net calorific value of the refuse
of 8000 to 11000 kJ/kg [18]. Once flashover took place, black smoke will be emitted
from the combustion area. This is due to the high carbon content of the refuse of more

than 20% by mass [11].

From an interview of four of the crane operators of the “Miillheizkraftwerk Essen-
Karnap” plant in Germany [48], details of which can be found in Appendix B, the

following information was obtained:

In all cases of flashover, refuse had just previously been picked up from the area

where the fire had started.

¢ No evidence could be found of biological processes initiating a smouldering
combustion.

¢ Whenever an endogenous combustion occurs, light blue smoke is emitted from the
bed that accumulates underneath the ceiling of the bunker.

e During the cold season, risk of fire increases due to the delivery of live coals or hot

ashes from households. There are records of cases where the refuse inside the dust

cart was already smouldering when the cart entered the plant area.

The above information is all that is available to the public, but it is well known that there
have been many more fire events inside refuse storage facilities in the past. Therefore,
legislation requiring the installation of automatic combustion detection systems was

introduced in Germany in 1991.

13



2.3 The application of IR-Thermography systems in early detection of
combustion processes

Avoiding ignition is the best way to prevent a fire but the previous sections have shown
that the ignition sources for domestic refuse are too many to be entirely avoided.
Consequently, the extent of a fire must be minimised by means of the early detection of
combustion processes inside the refuse matter before flashover occurs. It has been
suggested that automatic combustion detection systems can achieve the desired time
between detection and flashover, the so-called advance warning time, of at least 10
minutes which it has been estimated will be required [49]. During this time counter
measures can be implemented to extinguish the combustion [50]. Therefore, early
combustion detection systems have been demanded for [2, 28, 49] that work
independent of staff and ambient conditions. Such systems are based on the detection
of different effects of combustion and can be split into five main types:

1. Smoke detection systems

2. Carbon monoxide gas detection systems

3. Heat detection systems

4. Flame detection systems

5. IR-Thermography systems

For a packed bed the size of a refuse bunker, smoke detectors will not operate properly
since there are too many influences such as airborne particles and the rarefaction of
the smoke inside the large bunker space. The same applies to carbon monoxide
detectors. Additionally, there might occur false alerts due to the natural production of
carbon monoxide gas by biochemical reactions. The utilisation of heat detection
systems is inappropriate as well because the increase in air temperature caused by a
smouldering combustion is too low and hence not detectable. Flame detectors do not
have any advantage because when a flame appears, flashover has already taken place

and thus there is no advance warning time.

14



Since all other combustion detection systems would not successfully work, the
application of IR-Thermography (IRT) is the only promising technique, which can
provide long distance, non-contact measurements of surface temperatures. The
measurement of the surface temperature of a refuse bed has been suggested because
it was believed that a source of endogenous combustion deep within the bed would be
detectable from so-called hot spots within the surface temperature distribution.
Thereby, IRT systems would provide the means for automatic warning of a potential
fire using an appropriate alarm threshold surface temperature. BRAUN and WEIDENER
[7] and BRAUN ET AL. [8] suggested an alarm threshold temperature of 70 °C because
this is the lowest possible threshold that would be reached by biological activity inside
the bed, such as fermentation. The more than twenty IRT systems employed on refuse
incineration plants in Germany commonly employ this surface temperature alarm
threshold. Nevertheless, the equipment used and their installation and operating
practices are not yet standardised. This situation has arisen because opinion varies as
to the effectiveness of such systems and how best to apply and interpret the results

they give [4-9, 47-49, 51].

The application of IRT is characterised by the possibility of non-contact surface
temperature measurements [52]. A general restriction is that measurements should not
be impaired by extinction, i.e. absorption and scattering, of thermal radiation within the
intermediate medium, which usually is air in most technical applications. This would
reduce the temperature displayed by the IRT system below the actual temperature of
the measured object. H,0, CO,, smoke, mist and dust are the main absorbing and
scattering components. Their appearance is random and thus the IRT systems cannot
be calibrated to compensate for their presence. However, in the wavelength ranges

2 to 5 uym and 7 to 14 um, the so-called atmospheric windows, the absorption is least,
especially at the longer wavelength. This has been proved by extensive experiments
conducted by BRAUN and WEIDENER [9]. In addition to reduced extinction, the

wavelength range between 7 to 14 um is favourable for a second reason: For the
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purpose of early combustion detection, the temperature range from 0 to 100 °C is most
important [4-9]. The wavelength of maximum thermal radiation of black or grey bodies
within this temperature range is 10.62 um at 0 °C and 7.77 um at 100 °C, respectively.
This can be obtained from PLANCK's radiation law [53]. Considering the above, IRT

systems should preferably work in the longer wavelength range.

Another limitation of IRT is the spatial resolution of the system [54]. The spatial
resolution defines the smallest resolvable isothermal area from a given distance, the so
called instantaneous field-of-view (IFOV). When utilised in early combustion detection,
IRT systems must provide a very high spatial resolution, and thus a small IFOV to
detect changes in temperature of very small surface areas. The successful detection of
an isothermal area of 5 cm x 10 cm at 70 °C has been initially suggested as the
criterion for refuse bunker IRT applications [4, 5]. This isothermal area had to be
detected from the worst case distance inside a refuse bunker, which can be up to 40 m.
The most recent IRT systems employ a 320 x 240 pixels micro-bolometer chip and

40° x 30° lenses and thus have, in theory, an IFOV of 0.25 cm x 0.25 cm from a
distance of 1 m. From 40 m, the theoretical IFOV then is 9 cm x 9 cm. BRAUN and
WEIDENER [9] did extensive experiments from which they concluded that even the best
contemporary systems provide an IFOV of not less than 30 cm x 30 cm in a practical

application from a distance of 40 m.

Another important restriction is the often not known emissivity ¢ of the object. The
emissivity is the ratio of the thermal radiation of a non-black body to a black body within
the same wavelength range and thus a correction must be applied to the IRT system to
obtain an accurate computation of the actual temperature of the object from the
received thermal radiation. ¢is a property of a material and depends on its chemical
composition, surface structure and temperature. The literature also mentions a

dependence on the direction of view [63] but this effect is minimal if the angle between
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the direction of viewing and the normal of the surface being measured is less than 45°
[9]. The determination of an appropriate emissivity value will be complex in refuse
bunker applications due to the large variety of materials involved. Experiments by
BRAUN and WEIDENER [7] have shown that omnipresent dust inside a refuse bunker
quickly covers the stored material with a thin layer. A layer thickness of only 0.25 mm
produces an almost uniform emissivity > 0.95 [7]. Due to the dust layer, the ambient
radiation, such as from sunlight or lamps, is not reflected at the surface and thus does

not influence the measurement of the natural thermal radiation of the body.

IRT systems are claimed to offer an additional and unique feature, that of monitoring
during fire fighting [3], i.e. the visualisation of the fire and its location through heavy
smoke and mist. However, this can only be achieved by IRT systems working in the

longer wavelength range [7, 8, 91.

The scanning of the entire surface of the refuse bed should be fast enough to allow
detection of a hot spot as early as possible. It should not take longer than 2 minutes [4]
but not all recent systems can comply with this and some systems need up to 4

minutes [5]. More information can be found in [4-9, 50, 54, 55].
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2.4 Mathematical modelling of heat transfer inside heterogeneous packed
beds, in particular domestic refuse beds

Bearing in mind that IRT is unable to penetrate the refuse, endogenous combustion
processes can only be successfully detected when hot spots appear within the surface
temperature distribution of the bed. These hot spots will appear only if there is sufficient
heat transfer from the source of combustion to the surface. This particular form of heat

transfer has as yet neither been theoretically analysed nor mathematically modelled.

Heat can be transferred by two basic mechanisms: By contact or radiation. Heat
transfer by contact can occur by conduction or convection. Conduction takes place
between two bodies having contact and being at rest relative to each other. Convection
takes places when the bodies are in relative motion. Both processes transfer heat on a

molecular basis and can be described by FOURIER'S law of contact heat transfer

g= —A(@) , 2.1)
ay contact area

wherein g represents the heat flux density, 9 the temperature, A the thermal

conductivity and y denotes the space co-ordinate.

Heat transfer by radiation, as defined by the STEFAN-BOLTZMANN law [56], can be

described by the energy flux density £ that is emitted by every body whose

temperature is above absolute zero in the form of

E=s0T*, (2.2)
wherein ¢is the emissivity value of the emitting surface, ois the Stefan-Boltzmann

constant and T denotes the absolute temperature of the emitting surface.

2.41 Model types
The models, proposed in the literature and introduced in the following sections, can be
split into two groups: viz. cell models and continuum models. The attempt to simulate a

bed using a cell model is characterised by a combination of simpler systems, which
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represent the heat transfer behaviour of the bed, whereas a continuum model regards
the entire bed or a part of it as a continuous medium, giving differentiable temperature
and composition functions of space co-ordinates. These functions can be determined
from balances and kinetic equations for heat and mass transfer that can be derived
from FOURIER's and FICK's laws, containing transport coefficients, i.e. effective thermal
conductivity and dispersion coefficients. Usually, homogeneous cell models are
adopted unless large differences in temperature between the fluid and the particles or
transient conditions occur. The primary parameters to describe the heat transfer
characteristics inside packed beds are the void fraction and the thermal conductivity of
the bed material and the fluid, respectively [57]. In addition to the primary parameters,
there are secondary parameters, introduced by TSOTSAS and MARTIN [58]. The
so-called effective thermal conductivity of a packed bed is then given by the influences
of the primary and the secondary parameters. More detailed information is given in

reference [59, 60, 61].

TsOTSAS and MARTIN [58] reviewed 50 different models for predicting the thermal
conductivity of packed beds permeated by a gaseous phase. No conclusions could be
drawn as to the “best model”, since within the range of experimental accuracy, different
models were shown to produce very similar results in individual applications [57]. The
development of an appropriate model thus cannot be completed until it has been
investigated to what extent the individual heat transfer mechanisms conduction,
convection and radiation contribute to the overall heat transfer inside domestic refuse

beds. Generally, models can be divided into three categories:

Type | models are based on the exact determination of the temperature field. The
temperature field derived by these models is calculated analytically [62] or numerically
[63] by solving the LAPLACE equation for heat transfer in and around the particles. The
first analytical solution has been given by MAXWELL [62] in 1873. This solution is only

suitable for dilute suspensions and emulsions because it presupposes that the particles
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do not mutually interfere. To do away with the assumption of infinite dilution, a
geometrically arranged structure must be assumed. This leads to extremely
complicated analytical calculations. WAKAO ET AL. [64, 65] calculated the thermal
conductivity of different beds using this model. Nevertheless, calculations of this nature
are very time-consuming and are not very suitable for practical use. More information

can be found in reference [66, 67, 68, 69).

Type Il models use a completely different approach by substituting the bed properties
using connections of thermal resistances. The simplest schemes for the substitution
consist of two basic means of connection, that is the series circuit and the parallel
circuit. By analogy to electrical resistances and for given thermal conductivities of the
gas and the solid A¢ and 4s, respectively and void fraction y, the series circuit has the
highest and the parallel circuit has the lowest thermal resistance. A theoretical
determination of the extent to which series or parallel circuits occur in an existing
packed bed is hardly possible. More information can be found in reference [70, 71, 72,

73].

Type lll models are based on the assumption that a unit cell represents the entire bed.
This approach to determine the thermal conductivity might result in less consumptive
calculations as it represents a compromise between the realistic but complicated Type |
models and the simple but rather inaccurate Type || models. Either parallel heat flux
streamlines (Type llla) or parallel isotherms (Type IlIb) are assumed for simplification,
although both assumptions do not apply exactly, except for the trivial case of equal
thermal conductivities for the gaseous phase Ag and the solid particles As. 1s, g and
[58] are the so-called primary parameters to describe the thermal conductivity of a
packed bed Az.4. Good agreement between model predictions and measured
conductivities must be achieved and thus, every predictive model should correctly

describe a series of limiting cases concerning the primary parameters involved [74]:
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1. y=0 = Aged = As
2. y= = Aged = A
3. k=2 D Ased=As=Ac
4. hg > o = ABed = ©
5. As > © = ABed —> ©
6. A\c—>0 => Aged = 0

7. 7\,3 -0 => ABeg/Ag = Bged/S

Relations No. 1 to No. 4 are axiomatic. Relation No. 5 presupposes resistanceless
contact between particles, while relation No. 6 is based on non-contacting particles.
Relation No. 7 states that the ratio of the thermal conductivity of a bed of non-
conductive particles to that of the fluid is equal to the ratio of the diffusion coefficient for
the bed dz.¢ and that for the free space 6. The quotient &.s/5 has been measured by
CURRIE [75] for packed beds, including polydispersed beds and angular particles. More

information can be found in reference [76, 77, 78, 79],

2.4.2 Heat transfer characteristics of packed beds
All heat transfer models commonly employ the void fraction of the bed and the thermal

conductivity of the bed material as the main parameter characterising the packed beds.

2.4.2.1 Void fraction
The ratio of the interstitial volume V; to the bulk volume V; of a porous medium is called
the void fraction y and is defined by [57]

v
=L, 2.3
v v, (2.3)
Inside most packed beds, the interstitial volumes are filled with gaseous fluids, i.e.
either filled with air or, in the case of combustion, filled with a mixture of air and

gaseous combustion products. Since, the density of the gas is far less than the density
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of the solid particles, the void fraction can readily be calculated from the bulk density

and the densities of the gas and solid involved. From Eqn. (2.3) and with

V/= VB— Vs

it follows that

VeV . Vs
VB - VB '
wherein
Vg =Ms and Vg =Ms _
Ps Ps

(2.4)

mg + Mg

Ps

Since mg can be neglected compared to ms,

_ Mg
Ps

Ve

can be assumed and hence the void fraction is given by

y/=1_.p_B__
Ps

From Egn. (2.5), the void fraction of a monodispersed packed bed can be calculated
with high accuracy if the values of the corresponding densities and the particles

dimensions are known. For polydispersed beds, the volume-based average density pg

must be used, which can be obtained from the individual densities p and mass

(2.5)

percentages & of all components of the bed by

Ps = {Z—f—J1

i=1 Pi,,

giving an average value iz for the void fraction of

7=1-£8
Ps

(2.6)

The exact determination of the local void fraction of a polydispersed heterogeneous

packed bed is very complex because it cannot be measured and thus, only an average

22



void fraction value can be obtained. In addition to the local natural fluctuation of the
void fraction inside the bed, the void fraction near the boundary wall of a bed may be
different from the void fraction distant from the walls [80]. Fluctuations of the void
fraction only appear close to boundary walls, which disturb the arrangement of the
particles. They can be neglected when the distance from the wall is more than 5d,
where d is the particle diameter, see Figure 2.2 and large variation in particle

dimensions occur.
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Figure 2.2 Local void fraction of packed beds consisting of equally sized, smooth
spheres (diameter d) versus distance y from the boundary of the bed [80]
In contrast to the situation inside a homogenous monodispersed bed, heterogeneous
polydispersed refuse matter is more likely to fill up the voids because of the wide range
of particle sizes. Nevertheless, the local void fraction varies throughout the entire bed
due to the varying particle dimensions. When employed in mathematical models, the
average void fraction, which can be obtained from Eqn. (2.6), is commonly assumed to
be constant and independent of location, since local variations in void fraction cannot

be determined and hence cannot be adequately quantified.

2.4.2.2 Thermal conductivity

KRISCHER [81] proposed a Type || model representing the thermal conductivity of a
packed bed by parallel and series connections of the thermal conductivities of the
materials involved. By analogy to an electric circuit, it uses the combination of both,

series and parallel circuits, introducing a structural parameter 'a' that gives the relative
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proportion of series to parallel connections, see Figure 2.3. This parameter 'a' has
been determined experimentally and a value of 0.20 is recommended for packed beds
[81]. For ‘a = 1’ a combination of maximal resistance is obtained and a respective

scheme for minimal resistance is hence obtained for ‘a=0'.

b) q
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Figure 2.3 KRISCHER [81] plate model for the determination of the thermal conductivity
of dispersed fluid-solid systems.
The structural parameter a gives the relative proportion of series to parallel
connections and can be used in order to distinguish between systems
having the same void fraction but different arrangements of particles.
a) series connection; b) parallel connection, ¢) combination of both
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The equation for the thermal conductivity of a series connection can be written as

-1

lseries =

1-v
7 v+ & , (2.7)

A

wherein A; and A, are the thermal conductivities of the individual materials involved.

Although this model has been developed to describe the thermodynamic behaviour of a
porous bed [81] it is still applicable if the fluid inside the bed is substituted by a solid.
The void fraction y can be substituted by the volumetric content £ of all individual solids
and the model can be extended to a number of n solids if all individual volumetric
contents &, and individual thermal conductivities A, are known. For two solids, Eqgn.

(2.7) can be written as
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Aseries =&+ _{2_

e A |

A

which when extended to n solids gives

n 5
Aseries = Zl_,
i=1 Y

-1

(2.8)

The thermal conductivity of the analogous parallel connections can be written as

n
;Lparallel = Zé A . (2.9)
i=1

Introducing the structural parameter 'a' required for the combination of both

connections results in the equation:

-1

a 1-a
s | 2.10
combination [ Zsen‘es lpamllelJ ( )

Eqgn. (2.10) does not give the thermal conductivity of a packed bed but the thermal
conductivity of the bed material because the void fraction has been assumed to be

Zero.

2.4.3 Heat transfer in packed beds where the fluid flow arises from endogenous
combustion processes

In addition to heat transfer by conduction and radiation that develops when only a heat
source is present inside the bed, when the production of combustion gases occur,
forced convection must also be considered. Whenever a combustion zone develops
inside a packed bed of any shape, hot combustion gases arise and two-dimensional or
three-dimensional flow fields develop as a result of changes in channel cross-sections,
blockages, etc. [82]. These flow fields affect the temperature distribution inside and at
the surface of the bed [4, 5, 83, 84]. Thus, the temperature and the mass flow rate of
the gas, the void fraction of the bed and the thermal conductivity of the gas and the

solid, may have an influence on the heat and mass transfer.
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Several experiments to observe the heat transfer by combustion gases inside refuse
beds and the corresponding development of the surface temperature distribution have
been undertaken by EUTENEUER [85]. The combustion gas was substituted by warm air
at 50 °C - 70 °C that had been blown into the bed through a nozzle at a certain depth.
These experiments presupposed that the flow of the combustion gases was initiated
and maintained by an excess pressure around the combustion area. However, every
exothermic combustion process also requires oxygen. Inside a packed bed, this
oxygen can only get to the combustion zone if fresh air is sucked into this area, similar
to a chimney fire. Therefore, the fluid flow must be induced and maintained by
buoyancy and an excess pressure cannot occur around the combustion as it would
obstruct the flow of air towards the combustion. In EUTENEUER's experiments, the air
was blown into the bed, i.e. the flow was induced by the pressure difference between
the pressure at the air nozzle and the ambient air pressure, and thus the induction of
heat and mass transfer by buoyancy has been entirely disregarded. Furthermore, the
air was not warm enough for sufficient buoyancy to arise. The result of these
experiments was a quite homogeneous warming of a large surface area that could be
expected by a fluid flow initiated by an artificial pressure difference. In contrast to that,
minimal collateral gas diffusion could be expected from a buoyancy induced fluid flow

as it is assumed to occur inside a refuse bed subjected to an endogenous combustion.

Another way in which the surface temperature distribution is affected by the
combustions gases flowing through channels to the surface of a refuse bed has been
proposed in reference [6], and is illustrated in Figure 2.4. This model is again based on
the assumption of flow induced by a pressure increase inside the bed. Whenever
gases are produced inside cavities with small exits, the pressure inside the cavity is
supposed to increase, thus initiating gas flow in any possible direction and
consequently transferring heat in any direction. The individual areas of local surface
warming spread over an area that is much larger than the combustion zone itself.

Hence, it would become difficult to draw any conclusions from these hot spots at the
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surface on the actual location of the combustion inside the bed. Again the restraining
effect on the combustion itself by a pressure increase has been disregarded. Despite
the oxygen flow governed by the partial pressure difference, a pressure increase will

obstruct the flow of necessary oxygen towards the combustion.

Areas of local surface warming

Heap of refuse

S S
b
\ /‘\// ~ -
¥ .
‘ Potential |
> heat transfer 7

channels /

Source of endogenous combustion |

Figure 2.4 Assumed heat transfer by hot combustion gases flowing through a refuse
bed [6].
It is suggested that the areas of local surface warming spread over a large
surface area and thus conclusions cannot be drawn from the surface
temperature distribution on the source of endogenous combustion.

Both, the experimental approach and the theoretical considerations disregard the fact

that natural flow of a hot gaseous fluid is always induced by buoyancy that occurs due

to the density of the hot combustion gas being lower than the density of the ambient

air.

At this point, it must be assumed that the buoyancy force induces and maintains a
vertical gas flow through the voids towards the surface of the bed, similar to the
buoyancy induced draught flow inside a stack. Buoyancy depends on the density
difference and the effective height of the stack and according to ARCHIMEDES' theory,

the buoyancy induced draught pressure difference is given by

Ap:(pamb_pG)gH: (2.11)
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wherein p.ms is the density of the ambient air, p; is the density of the gas, g is the
gravitational acceleration and H is the effective height of the stack, i.e. the vertical

distance between the gas source and the surface of the bed.

Methods for calculating the heat transfer by hot gases are presented in reference [57]
but these are mainly used for the calculations of drying processes and are based on
steady-state conditions with uniform gas flow through the entire bed that is initiated by
a pressure difference between inlet and outlet of the gas. Hence, their applicability for
gas flow predictions from small sources of combustion inside particulate beds is
questionable because there will be transient conditions and the gas source is part of
the bed. Therefore, information on the initiation of combustion processes and the

corresponding heat transfer must be obtained from experimental procedures.
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CHAPTER 3

EXPERIMENTAL PROCEDURES
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3 EXPERIMENTAL PROCEDURES

The heat transfer from endogenous smouldering combustion processes deep within a
packed bed is believed to influence the surface temperature of the bed in a way that
the combustion is detectable by IRT from local hot spots. A major aim of this work was
the investigation of the temperature development inside and at the surface of such
packed beds. The foregoing literature review has shown that virtually no information is
available about the initiation and propagation of endogenous combustion processes in
domestic refuse beds. Therefore, information on the initiation of combustion processes

and the corresponding heat transfer had to be obtained from experimental procedures.

Because these experimental procedures had to deal with endogenous combustion
processes, the usage of domestic refuse for [aboratory experiments was problematic
for two reasons: On the one hand, when large quantities are used, the combustion
could get out of control and release harmful fumes and on the other hand, when
smaller quantities are used, representative results might not be obtainable. Thus, a
substitute for the refuse, a test material, had to be found, which was less hazardous but

still allowed for representative results using small quantities.
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3.1 Selection of a substitute bed material

The void fraction, the density and the thermal conductivity of the bed material have
been shown to influence heat transfer characteristics of the bed and thus, the test
material had to provide similarities in terms of these properties. Hence, these

properties must be determined for domestic refuse.

3.1.1 Heat transfer characteristics of domestic refuse

The average density of domestic refuse without void fraction is 943 kg/m?3, which can
be obtained from Table 2.1. A void fraction value of 0.82 was obtained by applying
Eqn. (2.6), using the density value of the refuse without void fraction and the measured
density of the uncompressed refuse inside the household refuse bins of 167 kg/m?[16].
Since the refuse usually becomes compressed during transport and storage, the void
fraction of 0.82 can be taken as the highest practical value. In an actual storage
situation this value can only be obtained at the surface of the bed and the void fraction
will decrease with increasing depth of the bed. For the refuse a void fraction range of

0.55 to 0.82 was assumed.

To determine the thermal conductivity of domestic refuse, the previously introduced
KRISCHER plate model was used. With the corresponding values from Table 2.1 and

applying Eqgns. (2.8), (2.9) and (2.10), it follows that

-1
n
| w
Aors = (}:QJ ~0.2022 -

i=1 i mK
C w
Aparatiel = ;f, A =1.01W

and hence, with the structural parameter a = 0.2 [81].

-1
020 0.80] _oss W
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’?'combination = [

’?'sen'es ’?'parallel
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This is the thermal conductivity of the bed material without any voids and presupposing
resistanceless conduction and can thus be taken as the highest possible value. The
following example calculation shows that there is very little heat transfer by conduction:
A source of combustion as constant heat source is assumed at 85 = 800 °C in a depth
of H =2 m. From there, with an infinite heat transfer coefficient, heat is transferred into
the bed at the surface of which is no heat transfer. The time required for the surface
temperature to increase from 9., = 20 °C to threshold temperature of 8 = 70 °C can

be obtained from [76, 86]

H?.c,- -
t= ——Pz—p(/n C- /n(—‘g—‘gH—SD .
A-u Samb _‘9HS

Values for C and y are given in reference [86]. With ¢, = 1.92 kJ/(kg K), p = 943 kg/m?,

given in Table 2.1, and A = 0.55 W/(m K), the required time is 456 hours!

3.1.2 Heat transfer characteristics of the wood shavings

Wood shavings have been used as a refuse substitute in this work. Using wood
shavings, only a homogeneous monodispersed bed could be produced. Nevertheless,
this provides a good substitute because the characteristics of a homogeneous
monodispersed bed of wood shavings are similar to the characteristics of the
heterogeneous polydispersed bed of domestic refuse. A comparison of both bed

materials can be seen from Table 3.1.

Table 3.1 Comparison of the heat transfer characteristics of domestic refuse with
wood shavings

Characteristic of the bed Domestic refuse Wood shavings
Density without voids 943 kg/m?® approx. 700 kg/m? "
Void fraction ~ 0.55-0.82 0.58, 0.71,0.812%
Thermal conductivity * 0.55 W/(m K) 0.18 W/(m K)

Y Average density value of the shavings mixture containing beech, oak, spruce and

pine.

The void fractions indicated were achieved by sieving the shavings to different size
fractions, namely smaller than 0.5 mm, 0.5 - 1.0 mm and 1.0 — 2.0 mm giving void
fractions of 0.58, 0.71 and 0.81, respectively.

Thermal conductivity of the material without voids and contact resistances

2

3)
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3.2 Temperature profiles in a shavings bed undergoing self-ignition —
Experiment 1

The objective of the first set of experiments was the measurement of the temperature
distribution inside a heap of wood shavings undergoing self-ignition. A core of
shavings, soaked in linseed oil and covered by non-soaked shavings, was used to
achieve an endogenous combustion process, initiated by auto-oxidative self-heating of

the soaked shavings.

The first step was to determine the conditions under which self-ignition of shavings
soaked in linseed oil would occur. Six different mixtures of shavings and linseed oil,
summarised in Table 3.2, were tested. As shown in Figure 3.1, 50 g of each of the
individual mixtures were embedded in oil free 2.0 — 8.0 mm shavings contained in a
22 cm x 22 cm x 10 cm steel box. This particle size was supposed to allow for both, a
sufficient build up of heat and a sufficient availability of oxygen necessary for the

oxidation process.

Table 3.2 Details of the test mixtures used to determine the conditions under which
self-ignition of shavings soaked in linseed oil will occur

Test | Particle size Mass ratio:
mm linseed oil/shavings
1 1.0-2.0 30g/50¢g
2 1.0-2.0 50g/50¢g
3 1.0-20 80g/50¢g
4 0.5-1 30g/50g
5 0.5-1 50g/50¢g
6 0.5-1 80g/50g

After the oil soaked shavings had been embedded in the box of coarse shavings, the
system was left without any further disturbance. The temperatures in the centre and at
the top surface of the oil-soaked shavings were measured and recorded continuously
using thermocouples. Thermocoax TKA 10/25/DIN stainless steel sheath type K

thermocouples were used, connected via a Philips PM9877K/2 thermocouple lineariser
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with automatic cold junction compensation to a Philips PM 8252A two line chart

recorder.
50 g of shavings Steel box filled with 1 kg
0.5-1.0mm (y=0.58) or 1.0 - 2.0 mm (y = 0.71) of non-soaked shavings
soaked with 1.0-8.0mm
30 g, 50 g or 80 g of linseed oil
Chart recorder
]r T 1
i
Thermocouple
lineariser
£
S B
o
- Type K
thermocouples
A

0220 mm

Figure 3.1 Cross sectional schematic diagram of the experiment to determine the
conditions under which self-ignition of linseed oil soaked shavings occurs
The only mixture that successfully lead to self-ignition consisted of 80 grams of linseed
oil mixed with 50 g of the 0.5 — 1.0 mm shavings. All other mixtures only exhibited self-
heating. The detailed results of these experiments can be found in section 4.1 of this

thesis.

The experiments proceeded to the measurement of the temperature distribution inside
and at the surface of a heap of shavings undergoing self-ignition. 800 g of shavings
witﬁ a particle size of 1.0 - 2.0 mm were placed in a hemispherical heap over a mixture
of 80 g of linseed oil with 50 g shavings with a particle size of 0.5 to 1.0 mm, as shown
in Figure 3.2. The entire heap was constructed on a 25 cm x 25 cm steel sheet that
could withstand the high temperatures. The heap was than left undisturbed to allow

heating and self-ignition to occur.

All temperatures inside the heap were measured using five Thermocoax TKA
10/15/DIN stainless steel sheath type K thermocouples. This type of thermocouple

allowed for precise temperature measurements to be made along the vertical radial
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axis of the heap, as shown in Figure 3.2 and Figure 3.3. The first thermocouple was
placed at the top surface of the soaked core, 45 mm from the bottom of the heap, and
the other thermocouples were placed equidistant at 15 mm intervals. They were
connected to a Hewlett Packard HP 34970A data logger and PC-System with HP

BenchLink data logger software.

Heap: [ hemmmmm— . IR-Thermography system
800 g of non-soaked shavings
1.0t0 2.0 mm (¢s=0.81)
Core: PC system with
50 g of shavings data storage
0.5to 1.0 mm (y = 0.71)
soaked with
80 g of linseed oil
Data logger with
Fy mmman signal processor
é%\\ !
s i
fl E i Type K |
g 0 F thermocouples
Y i
T AN 25 cm x 25 cm steel sheet

Figure 3.2 Cross-sectional schematic diagram of the experiment on the measurement
of the temperature distribution inside and at the surface of a heap of
shavings undergoing self-ignition initiated by the linseed oil-soaked heap

core

Figure 3.3 Photographs of the actual apparatus shown diagrammatically in Figure 3.2.
On the left, the thermocouple placement can be seen and on the right, the

IRT system can be seen.
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In order to minimise their effect on the thermal processes taking place, the
thermocouples were placed horizontally into the heap so that the temperature sensitive
tips were located parallel to the expected isotherms. In this way, the temperature
gradient tending to conduct heat away from the core of the heap was insignificantly
small. The thermocouples used were of a type that, even if a temperature gradient had
occurred, they would have conducted very little heat due to the low thermal conductivity

of the stainless steel sheath of 15 W/(m K) and its small diameter of 1 mm.

The thermal radiation emitted from the surface of the heap was monitored by an AVIO
Compact Thermo TVS 220 IR-Thermography System from a distance of 1.5 m. The
accuracy of the temperature displayed by the IRT system depended on the exact value
of the emissivity of the wood shavings surface. A value of 0.95 could be obtained from

reference [8].

Following successful self-ignition, the combustion progressed up to the surface of the
heap where finally flashover took place. The results obtained will be presented in detail

in section 4.1.

During this experiment, smoke emission from the heap was observed after ignition had
been achieved, thus clearly showing that there was production of combustion gases.
The fact that combustion product gases occurred suggest that the heat transfer inside
the bed might be affected by convection. The next experimental step was thus to focus
on a qualitative comparison of the heat transfer inside a shavings heap containing an

endogenous heat source with and without the production of combustion gases.
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3.3 Temperature profiles in a shavings bed subjected to an electrical heat
source — Experiment 2

An electric heating element, & 30 mm, height 10 mm (see appendix for further detail)
was placed at the bottom of a heap of shavings, having a diameter of 20 cm. This is
illustrated in Figure 3.4. The three different particle sizes, and hence porosities, as
explained in section 3.1 were used to achieve comparability to domestic refuse beds.
For each bed of shavings, a set of three experiments was carried out. During the first
two, the heater was set at 100 °C and 250 °C, respectively. Both temperatures were
too low for combustion to take place. For the third experiment, the temperature was set
at 350 °C to achieve endogenous smouldering combustion. The heater always

achieved the desired temperatures within 10 minutes.

Twenty thermocouples were arranged in a 10 mm grid inside the heap as shown in
Figure 3.4. Presupposing an axis-symmetric temperature field, this arrangement
allowed for the determination of a three-dimensional temperature profile within the

heap. The distance between the heating element and the first thermocouple was

20 mm.
lg ................. i IR-Thermography system
) i PC system with
Shavings heap: \:/ datg storage

< 0.5 mm (y = 0.58)
0.5-1.0mm (y = 0.71)
1.0-2.0 mm (y = 0.81)

Data logger with
signal processor

o

1
4
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!
!
!
!
i
i
i

o 0
£ o0 o0 :
g| € 6 0o \ 20 TypeK
g & o 00 \ thermocouples in
,8_ o oo a 10 mm grid
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‘ -
Pt100 resistance
y A ./ : ]Heaterl ! , thermometer
Adjustable
DC source

Figure 3.4 Cross-sectional schematic diagram of the experimental set-up for the
determination of the temperature distribution inside and at the surface of a
homogeneous packed bed and the corresponding heat transfer caused by
an endogenous heat source
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The surface temperature was measured using the same IRT System employed in
section 3.2, from a distance of 1.5 m. All temperatures were recorded every 30
seconds using the data logger/PC-system. The experiments were repeated four times
and since the measured results did not significantly fluctuate, random deviation could

be assumed to be very small. The results will be presented in section 4.2.

During this set of experiments, a large difference between the temperature distribution
with and without endogenous combustion process was noted. The next experimental
step was thus to examine the extent of the difference in heat transfer and the resulting

surface temperature.
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3.4 Comparison of the heat transfer by conduction with that by convection —
Experiment 3

The basic idea of this experiment was to compare the heat transfer in a bed from a
localised heat source emitting hot combustion gases with that produced when only a
heat source was present. For the gas emitting heat source, a smouldering combustion
of wood shavings was used. In order to only combust a pre-defined amount of
shavings, fine glasswool was used to simulate the packed bed. The high void fraction
of 0.98 of the glasswool permitted nearly undisturbed fluid flow with regard to both, air
and combustion gases. Glasswool has a low thermal conductivity but high speed of

response to a change in temperature.

The heater was insulated, except for its upper surface, by embedding it in a layer of
Rockwool®, as shown in Figure 3.5. For the first stage of the experiment, the upper
surface of the heater was covered with 6.3 g of beech wood shavings. This was
covered by a layer of fine glasswool, 80 mm deep immediately above the heater. The
heater achieved a temperature of approximately 450 °C within 5 minutes of being
switched on, producing rapid ignition of the shavings. As soon as smoke was
emanating from the bed, the heater was switched off. The temperature of the shavings
was measured using only one thermocouple directly under the top surface of the
shavings as shown in Figure 3.5. The variation of temperature versus time of both the
heater and the shavings was recorded by the data logger/PC-system. The upper
surface temperature of a representative 2 cm x 2 cm area of the glasswool surface was
measured by the IRT System used in the previous work from a distance of 2 metres.
The entire procedure was then repeated with a glasswool layer of 160 mm thickness

above the heater.

The second stage of the experiment was carried out as above but without combusting
shavings and with the heater as the sole heat source. Again fine glasswool! layers of
80 mm and 160 mm thickness, respectively were used as the covering material. In
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order to have the upper surface of the heater in the same position as the upper surface
of the shavings during the previous experiment, additional Rockwool® was placed

underneath the heater.

These experiments allowed a direct assessment to be made of the influence of the
gaseous combustion products on the surface temperature distribution of the bed. All

results will be presented in section 4.3.

I;} IR-Thermography system

i
Glasswool layer \/
w=~0.98
Min. radial thickness:
80 mm and 160 mm

PC system with
data storage

Data logger with
signal conditioner

I_ thermocouple

A ‘ / Heéfer S I_ Pt100 resistance

7 = thermometer
6.3 g of shavings

® Adjustable
30 mm Rockwool® layer DC source

Figure 3.5 Cross-sectional schematic diagram of the experiment set-up to compare
the influence of exclusive heat transfer or a combination of heat and mass
transfer on the surface temperature distribution of a hemispherical shaped,
homogenous “packed” bed of fine glasswool (y ~ 0.98)

The IR-Thermograms of the glasswool surface showed that the hottest areas were

always to be found almost vertically above the heat source. This suggested a buoyancy

induced fluid flow of the hot gases. The determination of to what extent buoyancy takes

place in a bed of domestic refuse is the objective of the next experiment that was

conducted.
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3.5 The flow of hot combustion gases through a small-scale domestic refuse
bed — Experiment 4

The objective of this experiment was to simulate the natural flow of combustion gases
through a small-scale domestic refuse bed in order to further confirm the assumption of
a buoyancy induced gas flow. Since the handling of hot gases always bears the risk of
igniting the bed of combustible matter, the hot gas had to be substituted by a gas

having a comparable flow behaviour with regard to buoyancy.

According to ARCHIMEDES' law, the buoyancy induced draught pressure difference is
given by Ap = (p.m — Pc) g h. This shows that any gas whose density is lower that
the density of the ambient air can be used to simulate hot combustion gases in terms of
buoyancy induced mass flow. Since the exact composition of the combustion gases
arising from smouldering refuse was not known, the combustion gas was treated, in a
first approach, as air that enters the bed at 450 °C and leaves the bed at 20 °C, which
gives a mean temperature between inlet and outlet of 235 °C. The density of air at
ambient pressure and 235 °C is 0.69 kg/m? [57]. This is the density an appropriate
substitute would be required to have, preferably at ambient temperature and thus
ammonia gas was considered as a possible substitute having a density of 0.71 kg/m? at

ambient pressure and 20 °C [57].

In order to observe the ammonia gas when exiting the bed, Backscatter Absorption
Gas Imaging (BAGI) was used. The system used was an IR-Laser based LIS GasVue
MG-30 Laser Imaging System (see appendix for further information) operating with a
CO,-Laser that emitted radiation at 25 individual wavelengths in the range from

9.25 um to 10.83 um. The radiation was backscattered from a reflecting background
and then received by an IRT system. Laser emission and reception of the
backscattered radiation ran through he same optics, and thus the laser always pointed
at the location from which the IRT system received the radiation. The functional

principle of this gas visualisation system (GVS) is represented in Figure 3.6. In the
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case where there is an absorbing gas plume, the laser radiation is impaired and the
gas plume could be seen as a darker area on the IRT screen. Different gases absorb
radiation at different wavelengths and since the laser wavelength could be triggered in
the range from 9.25 uym to 10.83 pum a total of 77 gases could be visualised. One of
the gases that can be visualised by the GVS is ammonia (NHs) gas. Experiments have

shown that even a very small mass flow of only 2 kg/year can be visualised.

Reflecting background
< < d | n IR-Laser based gas
— visualisation system

\ coo

Triggered IR-laser radiation

-«— @ / - | IR-Laser based gas Q

» visualisation system

ooo

Gas plume, absorbing IR radiation
at triggered wavelength

Figure 3.6 Functional principle of the IR-Laser based gas visualisation system

A wire frame box with a wooden bottom plate, as shown in Figure 3.7 and Figure 3.8,
was built to hold domestic refuse and thus simulate a refuse bed. The refuse used for
this experiment was collected from the refuse bins of Fachhochschule Gelsenkirchen
thus providing for a mixture of compounds that might also be found in household refuse
bins. The dimensions of the bed were 0.6 m x 0.8 m with a variable height H to
simulate depth variations. The refuse matter could be manually compressed to
simulate density variations. At the centre of the bottom plate a 50 mm diameter hole
was drilled as the inlet for the ammonia gas. The ammonia gas was supplied from a
bottle of 32% NH;-H,0 solution through a hose into the bottom of the bed. The flow of

the ammonia gas was not controlled and the content of water vapour in the ammonia
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gas could be neglected because ammonia at 20 °C vaporises at a pressure below

8.5-10° Pa [87] and water vaporises at a pressure below 2.3 -10° Pa.

0.8m
=
<_._[:D_,_ IR-Laser based gas
visualisation system
Wi i
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E X y: - el
10 m& I E B [ED ;H
S s=
HY e
i i
= 1S
A e e
Hose for Refuse bed, variable
NH;-gas height H
Wireframe box / Hmax=0.75m

Vimax = 0.36 m*

Open bottle with
NH;-H,O0——}
solution (32%)

Figure 3.7 Schematic diagram for the simulation of the flow of hot combustion gases
through a domestic refuse bed with variable height H.
The hot combustion gases are substituted by NH;-gas.

Figure 3.8 Photograph of the experimental set-up.
In the foreground, the GVS can be seen.

All sides of the bed were scanned with the GVS to ensure that there was no hidden exit
of the NH;-gas. The experimental conditions are summarised in Table 3.3 and the
results will be presented in section 4.4.
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Table 3.3 Properties for the simulation of the fluid flow behaviour of hot combustion

gases through a domestic refuse bed

Refuse height Refuse volume Refuse density
Step 1 0.25m 0.12 m? 79 kg/m3"
Step 2 0.50 m 024 m? 79 kg/m??
Step 3 0.75m 0.36 m® 79 kg/m3?
Step 4 0.35m 0.17 m® 169 kg/m3?

Ambient temperature 9,n,, NH;-gas temperature

20°C

Calculated mass flow rate of the NHy-gas i, |7.6 kg/year ¥

Calculated volume flow rate of the NHz-gas V|12 m°lyear ¥

1)
2)

3)

4)

Measured value of uncompressed refuse.

Measured value of compressed refuse. This density value corresponds to the average
density of the German domestic refuse inside the household refuse bins [16].

This value was obtained by weighing the bottle with the NH3-H,0 solution before and after
the experiment.

Volume flow rate at ambient pressure and temperature. Calculated from the measured mass
flow rate.

This experiment demonstrated that the substitute for the hot combustion gases tended

to flow vertically upwards in small-scale domestic refuse beds. The next experiment

was to extend this work to a large-scale domestic refuse bed. Whether or not the

similarity to the buoyancy induced stack flow applies to an actual situation inside a

refuse bed could now be evaluated by proceeding with the experiment.
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3.6 Large-scale experiment conducted in a 27 m® batch of domestic refuse —
Experiment 5

As will be discussed later, the following assumptions, made within the previous chapter

were confirmed by the foregoing experiments:

¢ Conduction did not significantly contribute to the heat transfer.

e Convection by the combustion gases was the only relevant heat transfer
mechanism.

o The mass transfer of the combustion gases took place as a buoyancy forced vertical
plug-flow.

The aim was now to show that the assumptions could be applied just as well to a

large-scale batch of domestic refuse. Therefore, the temperature development inside

and at the surface of a domestic refuse bed subjected to an endogenous combustion at

the bottom was measured. In order to achieve most authentic conditions, average

refuse in terms that described in section 2.1, was used for this experiment.

The refuse was provided by the authorities of the domestic refuse incineration plant
“‘RZR Herten”, Germany. A 2 m x 2.3 m x 6.5 m container, as shown in Figure 3.9 and
Figure 3.10 was used to store the refuse during the experiment. The container depth of

2 m allowed for an artificial smouldering combustion at a realistic depth.

At the centre of the container bottom, a hole of approximately 20 cm x 20 cm had been
cut. The hole was covered by a metal sheet containing approximately 225 small holes
(9 6 mm) as shown in Figure 3.12. Through these holes, the necessary ignition could
be applied to the bed by using a standard propane gas ring burner with a maximum
heat output of 20 kW. The burner was turned off immediately after ignition was

achieved. Figure 3.9 presents a photograph and Figure 3.10 a sketch of the entire

set-up.
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Figure 3.10 Schematic diagram of the refuse experiment

Temperature measurement inside the refuse bed was achieved by twenty Thermocoax
2ABI30/4000/T1/D/2AB35/6m stainless steel sheath type K thermocouples supported
by a stainless steel beam (see appendix for further detail). A detail of a thermocouple

and the fixture to the beam is shown in Figure 3.11. The beam was welded to the
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container bottom, as shown in Figure 3.12. The temperature sensitive tips of the
thermocouples were vertically aligned above the perforated ignition plate. Thus, the
temperature distribution inside the bed was measured one-dimensionally in the

direction in which the combustion was expected to proceed, i.e. vertically upwards.
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Typ K Thermocouple M)

Figure 3.11 Detail of a thermocouple and its fixture to the stainless steel beam

To keep the risk of thermal damage to a minimum, the stainless steel sheath of these
thermocouples had a length of 400 cm. In order to safeguard against mechanical
damage, thermocouples with a diameter of 4 mm were used which were additionally
protected by placing them inside a stainless steel tube. Only the temperature sensitive

tip was not covered. All thermocouples were connected to the data logger/PC-system.
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Figure 3.12 Photographs of the perforated plate at the container bottom and the
stainless steel beam, supporting the 20 thermocouples, welded to the
container bottom

The refuse batch was prepared from a mix of several deliveries of the day so as to
avoid any accumulation of a single type of material. According to the authorities of the
plant that provided the refuse [51], the refuse had an average net calorific value of

11 MJ/kg and a water content of approximately 15 %. Using a mobile crane, 12,330 kg
of refuse were loaded into the container, as presented by the sequence in Figure 3.13.
Due to the presence of the thermocouple beam, the void fraction distribution may have
been affected in this area. In order to keep this effect to a minimum, the refuse was

carefully arranged around the beam and between the thermocouples, see Figure 3.13.
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Figure 3.13 Filling of the refuse container
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After the container has been filled to a depth of 2.05 m, it was transported from the
refuse delivery locations to where the experiment was to take place. Due to the
transport, the refuse became compressed and the height of the bed decreased from
2.05 m to 1.85 m, representing in a volume decrease of approximately 3 m3. The refuse
batch then had a calculated overall density inside the container of approximately

446 kg/m>. Following section 2.4 and Table 2.1, the calculated void fraction value then
is y = 0.53, which corresponds to the lowest void fraction value of the shavings used

during the previous experiments.

During this experiment, two different IRT systems were used. In addition to the IRT
system described in section 3.2, measuring in the short-wave range from 3 um to

5.4 um, another IRT system, measuring in the long-wave range from 7.5 um to 13 um
was also used. Both systems were placed on top of a scaffolding next to the refuse
container, resulting in a measuring distance of 5 m, as shown in Figure 3.9. Whether or
not the temperature measurement of this specific surface spot is accurate depends on
the emissivity of the measured particle. A compromise had to be found due to the large
variety of materials involved. Comparative measurements using an Ahlborn THERM

2285-2 contact thermometer have shown that a representative emissivity of 0.95 could

be used.

At the beginning of the experiment, the bed was ignited via the perforated bottom plate
using a propane gas burner that supplied a 7.5 kW flame. The burner was turned off
immediately after ignition of the refuse, which took about three minutes, when light blue
smoke exited the surface of the bed. After that, the entire system was left to itself and
the combustion proceeded. The holes in the perforated plate where not covered after
ignition, creating a natural chimney effect that will be discussed later. The temperatures
inside and at the surface of the bed were recorded every two minutes. After 72

minutes, the experiment had to be aborted due to heavy smoke emission, see Figure
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3.14, when combustion had proceeded to within approximately 140 cm of the surface

of the bed. The results will be presented in section 4.5.

Figure 3.14 Heavy smoke and mist emission from the refuse surface after 70
minutes. The experiment had to be aborted two minutes later.

Since during this experiment the combustion could not proceed up to the surface, a set

of three additional experiments were conducted in beds of wood chips that could be

combusted until flashover occurred, without the problem of harmful smoke being

generated.
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3.7 Intermediate-scale experiments using wood chips — Experiment 6

The objective of this final set of experiments was to observe the temperature
distribution inside and at the surface of a packed bed, from the beginning of the
smouldering combustion to the flashover at the surface at the end. In order to produce
a combustion but without generating harmful smoke, wood chips were used to
substitute for the refuse. The wood chips were stored inside a barrel during the
combustion process instead of the larger refuse container but the general set-up
corresponds to that of the previous experiment, as can be seen in Figure 3.15 and

Figure 3.16.

Figure 3.15 Set-up of the wood chips experiments
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Figure 3.16 Schematic diagram of the wood chips experiments

The barrel was filled with < 100 mm particles of sieved wood chips. Such a bed had
hearly the same void fraction (y = 0.64), particle density (p ~ 700 kg/m3) and water
content (w = 0.15) as domestic refuse and could thus be used as a substitute in terms
of heat transfer parameters. To minimise the influence on the void fraction distribution

of the thermocouple beam, the wood chips were carefully arranged around the beam

and between the thermocouples.

At the centre of the bottom of the 0.22 m? (& 58 cm x 85 cm) barrel, 25 @ 4 mm holes
were drilled in a 15 cm x 15 cm area. Through these holes, the necessary ignition
energy could be transferred to the bed of wood chips by the propane gas burner placed
underneath the barrel. The ignition phase with the gas burner required approximately
10 minutes. After that, the self-propagating endogenous smouldering combustion could
proceed towards the surface. For the temperature measurements inside the bed, the
thermocouple beam from the previous experiment was used. The temperature

sensitive tips of the thermocouples were again placed vertically above the holes in the
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bottom of the barrel. The thermocouple beam was attached to the barrel. Thus, the
temperature distribution inside the bed was measured one-dimensionally in the
direction in which the combustion was expected to proceed, i.e. vertically upwards. All

bed temperatures were recorded every 2 minutes by the data logger/PC-System.

Since during the previous experiment, the long-wave IRT system proved to achieve
more accurate measurements during the phase of smoke and mist emission at the
surface of the bed, only the long-wave IRT system was used for the measurements of
the surface temperature. The measuring distance was 1.2 m. Comparative

measurements with a contact thermometer showed an emissivity of 0.95.

Flashover took place at the surface of the bed 390 to 417 minutes after first ignition had
been achieved. In contrast to the refuse experiment, where the flashover could not be
achieved, this set of experiments allowed for the observation of the surface
temperature distribution and the flashover. The results of these experiments will be

described in section 4.6.
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CHAPTER 4

EXPERIMENTAL RESULTS
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4 EXPERIMENTAL RESULTS

The experiments are detailed in the same sequence as in the previous chapter.

4.1 Temperature profiles in a shavings bed undergoing self-ignition —-
Experiment 1

The objective of the first set of experiments was to determine the conditions under
which self-ignition of shavings soaked in linseed oil — as an example for an
endogenous combustion - would occur. The results of the six individual experiments,

as previously explained in section 3.2, are summarised in Table 4.1.

Table 4.1 Results of the experiments to determine the conditions under which self-
ignition of shavings soaked in linseed oil occurs
Test | Particle size | Mass ratio: Time after Maximum temperature of the
mm linseed maximum oil soaked nest
oil/shavings | temperature was \Sinemiddie | at the top
achieved surface
1 1.0-2.0 30g/50¢g 255 minutes 105 °C 165 °C
2 1.0-2.0 50g/50¢g 225 minutes 110 °C 162 °C
3 1.0-2.0 80g/50¢g 375 minutes 140 °C 180 °C
4 0.5-1 30g/50¢g 228 minutes 110 °C 170 °C
5 0.5-1 50g/50¢g 228 minutes 130 °C 195 °C
6 0.5-1 80g/50g 555 minutes 380°C" 280°C "

" for test 6, data acquisition was stopped due to combustion

During tests 1 to 5, only self-heating was observed. These tests were characterised by
start-up times of 150 to 200 minutes, followed by an exponential temperature increase
as auto-oxidation developed inside the linseed oil soaked nest of shavings. The
maximum temperatures achieved during these tests were in the range from 150 to

200 °C and thus insufficient for ignition. As an example, the temperature development
in time of test 2 is presented in Figure 4.1. Because insufficient production of heat had
occurred, the temperature rise was too small for ignition to occur. This can be put down
to either a lack of oxidator (linseed oil) or a lack of oxidant (atmospheric oxygen). For

tests 1 to 3 this can be explained by the specific surface area of the 1.0 to 2.0 mm
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shavings being too low . During the tests 4 and 5, the specific surface area had been

increased by using shavings of 0.5 to 1.0 mm, but the amount of linseed oil of max.

50 g did not seem to be sufficient.
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Figure 4.1 Temperature curves of a self-ignition process of 50 g linseed oil mixed with
50 g shavings with a particle size of 1.0 - 2.0 mm, test 2.
The mixture is covered with shavings of 1.0 - 8.0 mm particle size.
For test 6, during which ignition was achieved, the smaller shavings had been mixed
with 80 g of linseed oil. In this case, both oxidant and oxidator were present in sufficient
proportions for an appropriate production of heat that led to ignition of the shavings, as
shown in Figure 4.2. This mixture of 80 g of linseed oil with 50 g of 0.5 to 1 mm size
wood shavings was used as an endogenous ignition source in a bed of 1000 g of 1.0 to

2.0 mm wood shavings as described in section 3.2.
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Figure 4.2 Temperature curves of a self-ignition process of 80 g linseed oil mixed with
50 g shavings with a particle size of 0.5 - 1.0 mm.
The mixture is covered with shavings of 1.0 - 8.0 mm particle size.
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The variation of temperature with time at various positions inside the heap of shavings
undergoing self-ignition, as illustrated in Figure 3.2, is presented in Figure 4.3. The
ignition temperature of 350 °C was reached after 360 minutes at the top of the linseed
oil soaked core. At this time, the temperature difference between the top of the linseed
oil soaked core at 45 mm and the surface of the entire heap at 120 mm reached its
maximum value of 200 K. This suggests that up to this point, heat transfer was
principally by conduction but to a very low extent. After ignition had been achieved, the
surface temperature increased more rapidly and the temperature differences between
that position and the top of the core became less. This showed that the thermal
resistance had decreased, which can only be explained by convection, i.e. more
effective heat transfer, resulting from the combustion gases. After 390 minutes the
entire heap underwent smouldering combustion and the core temperature, where the

material had been almost totally combusted away, fell below the surface temperature.

Surface level
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Figure 4.3 Measured temperature distribution with time along the radial axis r at the
surface and inside the hemispherical shaped heap of shavings illustrated in
Figure 3.2 and Figure 3.3 with endogenous self-ignition inside the core of
the heap
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The hemispherical shape of the heap would be expected to exhibit a quite uniform
temperature field inside and at the surface as long as conduction and radiation
accounted for the heat transfer. At the surface, where the temperature distribution was
measured using the IRT system, such a uniform distribution was observed as long as
combustion did not take place. Since the temperatures inside the heap have been
measured only vertically along the vertical radial axis, no direct conclusions on the
internal temperature distribution could be made. When combustion arose, the
maximum surface temperature always occurred vertically above the oil soaked core
where the exiting combustion gases became apparent due to the associated light
smoke. This situation suggested that, at least inside almost homogeneous packed

beds, the combustion gases tend to flow directly upwards and indicates a buoyancy

forced gas flow.
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4.2 Temperature profiles in a shavings bed subjected to an electrical heat
source — Experiment 2

The results of Experiment 1 described in section 4.1 suggested that inside packed
beds heat is more effectively transferred by convection, at least when combustion
occurs. In order to qualitatively confirm this suggestion, this second set of experiments
was conducted. Heaps of shavings with different void fractions were subjected to
heating by an electrical heat source, as described in section 3.3. The temperature of
the heat source was set in different experiments to individual temperatures of
approximately 100 °C and 250 °C so as not to exceed the ignition temperature of the
shavings, and to 350 °C when combustion was achieved. The experimental results are

summarised in Table 4.2.

Table 4.2 The surface temperature of heaps of wood shavings subjected to an
internal heat source at the bottom

Void fraction of | Particle size Heat source Maximum surface

the shavings mm temperature temperature
0.58 <0.5 100 °C 23.6 °C
0.58 <0.5 258 °C 30.8°C
0.58 <0.5 350 °C Combustion
0.71 0.5-1 105 °C 23.5°C
0.71 0.5-1 251 °C 29.6 °C
0.71 05-1 350 °C Combustion
0.81 1-2 104 °C 23.3°C
0.81 1-2 253 °C 28.3 °C
0.81 1-2 350 °C Combustion

Figure 4.4 shows the development of the surface temperatures of the heaps versus
time. At a heat source temperature of 345 = 100 °C, the surface temperature
distribution was uniform and had the same values for all void fractions. At a heat
source temperature of 8y = 250 °C, the surface temperature was uniform as well, but
increased with decreasing void fraction. This suggested that below ignition
temperature, the heat was exclusively transferred by conduction, which became more
effective with decreasing void fraction. At a heat source temperature of 85 = 350 °C
the shavings ignited after 30 minutes. During the first 30 minutes, the surface

temperature development suggested heat transfer by conduction. After 30 minutes, the
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surface temperature distribution behaved in a different way with small areas of higher
surface temperatures apparent. This can be attributed to a small degree to the growing
combustion area with time, but more importantly to the convection produced by the

combustion gases produced. This effect increases with increasing void fraction.

70 - SHS =350°C
60 1 v =0.81

Maximum temperature at the heap surface / °C

y=0.58
y=071
/ w=0.81
rav 4 Oys = 250 °C
SHS =100°C
0 50 100 150 200 250

Time / min

Figure 4.4 Measured maximum surface temperatures versus time of a hemispherical
shaped shavings bed of different porosities y. The bed covers an internal

electrical heat source at different temperatures 9ys.

The heat source temperature is constant after a start-up time of 10 minutes.
The results suggest that a low void fraction is favourable for heat transfer by
conduction, whereas a better heat transfer by convection can be achieved with a higher
void fraction. Conduction hardly has any influence on the surface temperature
distribution but convection does in a considerable way. The same must consequently
apply to the temperature distribution inside the bed. An example of the temperature
variation throughout the bed is presented in Figure 4.5 for a heat source temperature
of 84s = 200 °C. Here, steady state conditions have been achieved after 240 minutes of
heating. The determined isotherms ran almost equidistant to the heat source, showing

that heat transfer was due to conduction.
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Figure 4.5 Measured temperature distribution inside a hemispherical heap of shavings
(0.5 - 1.0 mm, y = 0.71) subjected to an internal heat source (202 °C) at

the bottom under steady state conditions after 240 minutes
At a heat source temperature of 9ys = 350 °C, when combustion occurred, a different
situation was observed. Figure 4.6 shows the situation 25 minutes after ignition. The
isotherms do not run equidistant to the heat source. Their more elliptical form suggests

that there is convection by combustion gases, which transfer heat vertically through the

heap towards its surface.
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Figure 4.6 Measured temperature distribution inside a hemispherical heap of shavings

(0.5 - 1.0 mm, y = 0.71) subjected to an endogenous combustion at the
bottom approximately 25 minutes after ignition was achieved
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4.3 Comparison of the heat transfer by conduction with that by convection —
Experiment 3

All experimental results so far indicated that the gaseous combustion products
augmented the heat transfer inside packed beds very effectively. To further confirm
this, another experiment was conducted. The heat transfer from a heat source emitting
hot combustion gases — for which smouldering wood shavings were used — was
compared to that of a electrically heated source not emitting hot gases. Both of these
localised heat sources were covered by fine glasswool that simulated the packed bed

without participating in the combustion.

Figure 4.7 shows the variation with time of the temperature of the heat source and the
surface temperature of the covering layer of 8 cm of glasswool. With only electricai
heating, the measured temperature within a 2 cm x 2 cm surface area vertical above

the heat source increased up to an average value of 72 °C and a maximum value of

79 °C.

110 1 - 500
Heat source surface temperature

100 -

. 8 cm glasswool
90 - Yo fon smouldering shavings - 400

on electric heater

80 A

...........

- 300

70 4

60 -

- 200
50

40 -

Glasswool surface temperature | 100

Glasswool layer surface temperature / °C
Heat source surface temperature / °C

ol o Maximum Temperature |
- — Average Temperature
20 1 i T L) 1] 0
0 5 10 16 20 25 30

Time / min

Figure 4.7 Measured temperature distribution with time for a representative surface

area (2 x 2 cm?) of an 8 cm thick layer of fine glasswool (y = 0.98) covering
a heat source which is either an electric heater or smouldering shavings
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When heating was produced by the combustion of wood shavings, the surface
temperature increased more rapidly and reached an average value of 94 °C and a
maximum value of 102 °C. Since the development of the heat source temperature was
the same for both experiments, the more rapid temperature response and the higher
temperatures can only be explained by convective heat transfer. After 10 minutes, most
of the shavings had burnt away and the production of combustion gases ceased. The
temperatures then dropped to the steady-state temperature level of the experiment
without shavings. The indicated temperature difference of 2 K may be attributed to

residues of the shavings remaining on the heating element as an insulating layer.

The experiment was repeated using a 16 cm glasswool layer. The results are shown in
Figure 4.8. Again, when shaving were combusted, the speed of response was

increased by the contribution of convection of the combustion gas to the overall heat

110 4 - 500
Heat source surface temperature

100
90 i - 400
L
80
16 cm glasswool
70 4 on smouldering shavings | 300

on electric heater

60 -

- 200
50 -

40 1 L 100
Glasswool surface temperature
------ Maximum Temperature |

- — Average Temperature

20 T T T T T 0
0 5 10 15 20 25 30

Time / min

Glasswool layer surface temperature / °C
Heat source surface temperature / °C

30 A

Figure 4.8 Measured temperature distribution with time for a representative surface
area (2 x 2 cm?) of an 16 cm thick layer of fine glasswool (y = 0.98)

covering a heat source which is either an electric heater or smouldering
shavings

64



transfer under otherwise similar conditions. Compared to the previous experiment, the
speed of response and the surface temperatures were lower. This must be attributed to
the doubled thickness of the glasswool layer. However, the overall result corresponds

to that of the previous experiment with the thinner layer of glasswool.

IR-Thermograms of the glasswool surface were also obtained. Figure 4.9 shows a
corresponding temperature distribution at the surface of the 8 cm glasswool layer with
the electrical heater as heat source at 450 °C, 10 minutes after it had been switched
on. A uniform temperature distribution can be seen. A different situation can be seen in
Figure 4.10 which is the IR-Thermogram when smouldering shavings were used as the
heat source. The IR-Thermogram had again been taken 10 minutes after the beginning
of the experiment, when the heater had already been switched off. The shavings had
been ignited by then and had reached the above mentioned temperature of 450 °C.
The observed surface temperature was higher and the temperature distribution was
less uniform compared with the experiment using only an electrical heat source. The
clearly distinguishable hot spot at 101.2 °C in Figure 4.10 appeared vertically above the
smouldering shavings. This was due to the hot combustion gases, which produced a

yellow discoloured area where they exited the glasswool layer.

With regard to the temperature distribution of the glasswool layer surface, the same

results were obtained from the experiments using the 16 cm glasswool layer.
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Figure 4.9 IR-Thermogram of the surface of a hemispherical shaped glasswool layer
(r = 8 cm) with electric heater at 450 °C

Figure 4.10 IR-Thermogram of the surface of a hemispherical shaped glasswool
layer (r = 8 cm) with smouldering shavings at 450 °C
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4.4 The flow of hot combustion gases through a small-scale domestic refuse
bed — Experiment 4

The results of Experiments 2 and 3, described in section 4.2 and 4.3, suggest that the
surface temperature of a packed bed in which there is an embedded combustion
source will not be significantly influenced by conduction, but much more by buoyancy
induced convection from the hot combustion gases. To further confirm this belief, the
fourth experiment was carried out in a small-scale domestic refuse bed with ammonia

gas as the substitute for the gaseous combustion products.

The experimental results take the form of images, presented in Figures 4.11 to 4.14,
obtained from the IR-Laser based gas visualisation system (GVS) described in section
3.5. In all experiments the ammonia gas exited the bed directly vertical above the gas
inlet, irrespectively of depth or density of the individual beds, as given in Table 3.3. The
GVS used was very sensitive and able to detect very small mass flow rates down to
only 2 kgl/year. It was thus able to confirm that no gas exited the bed other than

vertically above the inlet and thus collateral gas diffusion was negligible.

25 cm

NH;-gas plume
exiting the bed

NH;-gas inlet

Figure 4.11 Visualisation of NH;-gas exiting a loosely filled (p = 79 kg/m®) domestic
refuse bed of 25 cm depth.

The gas plume can be seen against the light background as it exits the
bed directly above the gas inlet.
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50 cm

NH,-gas plume
exiting the bed

NH,-gas inlet

Figure 4.12 Visualisation of NHs-gas exiting a loosely filled (p = 79 kg/m®) domestic
refuse bed of 50 cm depth

75 cm

NH;-gas plume
exiting the bed

NHj-gas inlet

Figure 4.13 Visualisation of NH;-gas exiting a loosely filled (p = 79 kg/m®) domestic
refuse bed of 75 cm depth
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35cm

NH;-gas plume
exiting the bed

NH,-gas inlet

Figure 4.14 Visualisation of NH;-gas exiting a compressed (p = 169 kg/m®) domestic
refuse bed of 35 cm thickness

The results of these experiments further support the belief that the flow of a hot gas

through a heterogeneous packed bed is induced and maintained by buoyancy, in clear

contrast to the assertions made in the literature, see section 2.4;3. This flow behaviour

can be compared to the up draught through a chimney stack and validates the initial

assumption of the fluid flow made in section 3.5.

The experimentally observed minimal collateral gas diffusion can be explained as

follows:
The pressure difference 4p, that is imposed by buoyancy, induces a mass flow.

Analogous to Ohms law, the mass flow rate is proportional to 4p and the reciprocal flow

resistance R; inside the individual flow channel.

If all possible flow channels have equal cross-sectional area, their flow resistances are
linearly proportional to their length L.. With a constant pressure difference 4p, the mass

flow rate through the individual channels then decreases hyperbolically with increasing

length of the channels.
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If hot combustion gases instead of ammonia had been rising through the refuse bed, it
must be supposed that the temperature increase over a certain surface area would be
proportional to the mass flow rate density of the gas within this area. An increasing
channel length would thus not only entail a lower mass flow rate but the hot gases
would be cooled down more whilst flowing through the longer channel. The potential
surface warming would thus in practice decrease even more than hyperbolically with
increasing channel length. Hence, no significant hot spots would occur at the surface
when the gas flows further aside from the ideal vertical way. A possible mass flow rate

distribution at the surface of a packed bed is presented in Figure 4.15

>

Mass flow rate of the
combustion gas at the

surface of the bed

Gas flow channel with
equal cross-sections but
different lengths inside
the packed bed

Figure 4.15 Mass flow rate and temperature distribution at the surface of a packed
bed subjected to an endogenous smouldering combustion depending on
the flow of the combustion gas

It must be concluded from this experiment that if a hot spot is detected at the surface of

a packed bed, the corresponding source of endogenous combustion must be almost

vertically underneath.
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4.5 Large-scale experiment conducted in a 27 m® batch of domestic refuse —
Experiment 5

All previous experiments had been, for good reason, on a small scale. To finally verify
the previous observations, two experiments were conducted on a large-scale basis.
Firstly, a bed of domestic refuse inside a 30 m® container was observed, see section

3.6. Figure 4.16 presents measured temperatures versus time inside the bed of refuse.
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Vertical distance from the bottom of the refuse bed / cm

Figure 4.16 Temperature distribution, measured by thermocouples, in time vertically

above the self-preserving endogenous smouldering combustion at the
bottom of the 27 m® domestic refuse bed

The refuse temperatures decreased rapidly up to 60 cm from the locally limited
combustion source at the bottom of the bed. In the rest of the bed up to the surface, the
temperature gradient is low, especially, in the layer between 65 cm and 105 cm at
around 200 °C and in the layer between 135 cm and 185 cm at around 70 to 100 °C.
Naturally, the curves do not run smooth because the bed was very heterogeneous and

the thermocouples were not equally exposed to the flowing combustion gas. With
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increasing time, a higher temperature plateau and progress growth of the fire pocket

was observed.

During the experiment, mist was emitted from the bed surface. This indicated
condensation of the water vapour content of the combustion product gases. This would
be expected to influence the temperature distribution in the upper layers of the bed and
consequently the surface temperature distribution. The surface alarm temperature

threshold of 70 °C was reached after 60 minutes.

In addition to the temperatures inside the bed, the surface temperature distribution was
measured. A series of IR-Thermograms, showing the development of the surface
temperature distribution with time, is presented in Figure 4.17. This clearly shows that
the increase in surface temperature was locally limited to the area vertically above the
combustion source. The collateral diffusion of the combustion product gases was so
small that hot spots outside this area did not occur. The hot spot temperature was in
the range of 65 °C to 85 °C from 40 to 70 minutes after first ignition. The fact that the
temperature was in this range for such a long time also indicates the condensation of

water vapour.
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Figure 4.17a IR-Thermogram, spectral range 7.5 to 13 um, of the refuse surface,
emissivity 0.95, 20 minutes after ignition

Figure 4.17b IR-Thermogram of the refuse surface 30 minutes after ignition
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Figure 4.17d IR-Thermogram of the refuse surface 50 minutes after ignition

74



Thermocouple support
, beam temperature: 47 °C

200
15

.,
Capee

Figure 4.17e IR-Thermogram of the refuse surface 60 minutes after ignition

104.6 °C
2 cm?
hot spot

Figure 4.18 IR-Thermogram, spectral range 7.5 um to 13 pm, of the refuse surface,

emissivity 0.95, 72 minutes after ignition, showing a single, very small
hot spot at 104.6 °C
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After 72 minutes, the experiment had to be aborted due to massive smoke emission.
The last IR-Thermogram is presented in Figure 4.18. The surface temperature profile
along the broken line indicates a primary hot spot, positioned vertically above the
combustion source. Two additional peaks - locally very limited - can be observed that
have lower maximum temperatures but equal high temperature gradients of more than
10 K/m away from them. This minor deviation from the ideal vertical gas flow is
probably due to the heterogeneous nature of the bed. The highest mass flow rate
through the channel apertures must have occurred at the primary hot spot with a lower
mass flow through the collateral channels, as explained in the previous section. This

again shows the strong influence of the length of the gas flow channels on the surface

temperature increase.
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4.6 Intermediate-scale experiments using wood chips — Experiment 6

Since the previous experiment could not be conducted until flashover occurred, a final
experiment had to be conducted in a bed of wood chips that could be combusted
without generating harmful smoke. The experiment was conducted three times under
identical conditions, producing similar results, which further supported the results
obtained in the refuse experiment. The results of the three experiments are presented

in Figure 4.19 to Figure 4.21. The parameter, indicated on the curves, is the time after

first ignition has been achieved.
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Figure 4.19 Temperature distribution vertically above the self-propagating

endogenous smouldering combustion source at the bottom of a 0.22 m?
bed of wood particles.

The parameter indicates the time after first ignition.
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Figure 4.20 Temperature distribution vertically above the self-propagating

endogenous smouldering combustion source at the bottom of a 0.22 m?
bed of wood particles
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Figure 4.21 Temperature distribution vertically above the self-propagating
endogenous smouldering combustion source at the bottom of a 0.22 m?

bed of wood particles
The temperature curves in Figure 4.19 to Figure 4.21 are smoother than those
obtained from the refuse experiment and the plateau around 65 °C to 85 °C is even
more prominent than from the results obtained in the refuse experiment. As the plateau
is below 100 °C, it is believed that the plateau is due to the condensation of water
vapour contained in the gaseous combustion products. The combustion products
contain water which exits the gaseous state at devoted temperatures, depending on
the partial pressure of the water vapour. As the combustion products cool below 85 °C
the water component condenses, releasing heat of condensation. This is believed to
have the effect of arresting the fall in temperature and producing a plateau in the
temperature profile, which can in particular be observed on the 180 minutes curves in
Figures 4.19 to 4.21. At this time the thermal effects of condensation produced a
temperature level of 85 °C in the lower layers of the beds. In Figure 4.19 in the layer

between 30 cm and 70 cm and in Figures 4.20 and 4.21 in the layers between 30 cm
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and 55 cm. Within all these layers the bed temperature gradually changes in the range
of what is believed to be the dew point temperature. Once the major part of the water
vapour has condensed in the lower parts of the bed, the water vapour content and
simultaneously the dew point temperature decreases and the temperature of the
remaining gases and hence that of the solid can continue to fall as the surface is
approached. The calculation and discussion of the dew point temperature will be done

in detail in section 5.3.

As the combustion front propagates towards the surface, condensed moisture will
re-vaporise, requiring heat of evaporation. The condensation zone is consequently
moved progressively closer to the surface and with it the temperature plateau. This
phenomenon thus has an important effect on the surface temperature of the bed and

the attainment of the critical temperature of 70 °C for the IRT systems.

After 240 to 260 minutes, the condensation zones had reached the surface and there
allowed the temperature to rise high enough for the IRT alarm temperature to be
exceeded. The lower limit of the condensation zone also shifts towards the surface due
to the re-evaporation inside the bottom layers of the bed. Not all the water vapour
condensed inside the bed and the remaining vapour tended to condense on exiting the
bed, leaving traces of mist — a further indicator of an endogenous combustion process
below the surface of the bed. The condensing water vapour and a partly soaked wood
chip at the surface of the bed is presented in Figure 4.22, showing that these effects at

the surface are very localised.
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Figure 4.22 Partly soaked particle and mist emission from the surface of the bed of
wood chips
After 344 to 371 minutes, all points within the bed above the combustion source were
above 100 °C and hence water only existed in the vapour phase. The restraining
effects on the development of the temperature profile, caused by phase-changes
involving water, were thus removed beyond this point in time. Heat transfer thus took
place without phase-changes as though only a permanent gas was present. It could
also be observed that beyond this point in time the mist emission ceased at the surface
of the bed. The surface temperature then increased rapidly and after 390 to 417
minutes flashover took place, which had not been achieved during the refuse

experiment.

As the combustion burnt away the wood chips in the bottom part of the beds, the wood
chips levels inside the barrel decreased with time. In order to keep all eight
thermocouples covered, wood chips were filled into the barrel during the conduction of
the first experiment. Unfortunately, this resulted in IR-Thermograms that were not
representative because the additional wood chips, repetitively added to the surface of
the bed, had ambient temperature and did thus cover the warm bed surface with a
cooler layer. During the second and third experiment, wood chips were not added and

thus the surface level of the bed decreased in time. This can be observed from the
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series of IR-Thermograms from the second and third experiment presented in Figure

4.23 and Figure 4.24, respectively, together with the development of the temperature

distribution at the surface of the beds.

Figure 4.23a |IR-Thermogram, spectral range 7.5 um to 13 um, of the wood particle
surface, emissivity 0.95, 120 minutes after ignition at the bottom.
This series of IR-Thermogram was taken during the second experiment.

Figure 4.23b IR-Thermogram of the wood particle surface 180 minutes after ignition
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Figure 4.23d IR-Thermogram of the wood particle surface 300 minutes after ignition
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Figure 4.23f IR-Thermogram of the wood particle surface 390 minutes after ignition.
This was the moment when the flashover took place.

A series of IR-Thermograms of the third experiment is presented in Figure 4.24. The

same time steps have been used as for the previous series.

84



Figure 4.24a IR-Thermogram, spectral range 7.5 uym to 13 um, of the wood particle
surface, emissivity 0.95, 120 minutes after ignition at the bottom.
This series of IR-Thermogram was taken during the third experiment.

Figure 4.24b IR-Thermogram of the wood particle surface 180 minutes after ignition
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Figure 4.24d IR-Thermogram of the wood particle surface 300 minutes after ignition
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Figure 4.24e [IR-Thermogram of the wood particle surface 360 minutes after ignition

Both series of IR-Thermograms, presented in Figure 4.23 and Figure 4.24, suggest that
the surface temperature distribution of both beds is affected 120 minutes after ignition
at the bottom of the bed was achieved. It can also be observed that the outer radial
zones of the bed are affected by heat transfer as well. This is due to the distortion of
the void fraction distribution near to the boundaries of the beds, as explained in section

2421.

Nevertheless, the developments of the surface temperature distributions were not
uniform and the highest temperatures could always be observed vertically above the
combustion source, suggesting that the main heat transfer took place by buoyancy

forced convection of the gaseous combustion products.

The series of IR-Thermograms also show that there was a restraining effect by
condensation and re-evaporation on the development of the surface temperatures
which becomes apparent from Figure 4.25 as well, which shows the measured

maximum surface temperature of the wood particles bed versus time of the third
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experiment. A similar result was also obtained from the second experiment. From 200
minutes to 355 minutes after ignition, the phase-changes kept the surface temperature
within the range of 65 °C to 85 °C and thus in the range of the 70 °C IRT alarm
threshold. 55 minutes before flashover, the zone of water condensation/evaporation
had moved through the bed and from this time on, the surface temperature increased

rapidly until flashover took place.
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Figure 4.25 Maximum measured surface temperature of the bed versus time.
Condensation and re-evaporation keep the surface temperature in the
range of 65 °C to 85 °C from 200 to 355 minutes. Beyond the point the
bed becomes dried, the temperature increases rapidly and the flashover
occurs at 410 minutes.

The rapid temperature increase at the surface as the point of flashover approached can

be seen in the series of IR-Thermograms taken during the last ten minutes of the third

experiment, presented in Figure 4.26. The size of the hot spot does not appear to

significantly increase until the flashover took place.
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