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Summary

Four particle types formed during combustion have been studied:

Soot

A smoke generator has been designed and built which is capable of producing
soot particles about 1.5um in size - approximately 1000 times larger than
those formed in conventional flames. Mass extinction measurements have been
taken, typical « values being 1.3 mZ/gram in the infrared wavelength region

2.5 to 12um.

Carbon cenosphereé
Using this smoke generator, carbon cenospheres have been produced from the
specialised fuel Orimulson. The size requirements for good obscuration in the

infrared spectral window can be achieved with such fuels.

Ash cenospheres

The formation of spherical ash particles from the combustion of coal has been
investigated. The type of ash sphere produced has been linked to the behaviour
of the coal during devolatilisation - swelling coals tend to form cenospheres,
non swelling coals tend to form plerospheres. It is concluded that the thermal

degradation of clays is responsible for inflating the spheres.

Buckminstefullerene _

The recently discovered third allotrope of carbon, buckminsterfullerene, has
been synthesized from a turbulent diffusion flame at atmospheric pressure for
the first time. The impliéations for commercial production from such a route
appear promising. Buckminsterfullerene has also been detected within the soot
structure. This observation may provide an ipsight into soot formation

generally.
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1 INTRODUCTION.
1.1. Statement of the problem

For defence purposes, particulates are used in the form of aerosols to screen
vehicles from attack by heat seeking missiles. These particulates are usually
stored in an explosive canister on a vehicle and dispersed into the atmosphere
as required. The Defence Researéh Establishment (D.R.A.), Fort Halstead has
laid down a 1long term research programme to produce new and better

particulates for infrared obscuration purposes.

The objective of this thesis is to identify and increase the knowledge base of
certain particulates from combustion systems, which either directly, or after
modification, could be used as obscurants in the infrared electromagnetic
wavelength region. Carbonaceous particles are favoured because of their lower
toxicity levels as compared with finely ground metal flakes which are

currently used for infrared obscuration.

Four " types of combustion particulates have been identified and these are
summarized bélow. Each particulate has required a different type of treatment,
for examplev much 1is known about carbon cenospheres and their physical
, properties so the work in this case concentrated primarily on a literature
‘survey. At the present time so little is known about buckminsterfullerene that
a variety of combustion experiments are justified. The unifying intent in
this work is to improve the knowledge of these combustion bye-products as a

contribution towards the long term defence purpose described.

This work was originally sponsored by the Chemical Defence Establishment
(C.D.E.) at Porton Down. Later, as a result of a M.0.D. reorganisation
contract control was shifted to the Defence Research Agency (D.R.A.) at Fort

Halstead.
1.1.1. Size requirements

Relevant electromagnetic radiation considerations have been reviewed in
section 2.2. The size of the particles is seen to be an important parameter in
maximizing obscuration potential, further the size parameter is dependant on
the shape of the particle. For spherical particles, such as carbon

cenospheres, the diameter should be matched to the wavelength of the relevant



infrared radiation. For straight particles, such as conventional chaff, the
length should be matched to half of the incident radiation wavelength. The
atmospheric windows in the infrared cover the wavelength interval of 3 to 15
microns (um), and so the target for spherical particles is 3 to 15 um. For the
case of particles with complex geometries such as soot, no simple relationship
exists, however it is desirable to match the particle size to the wavelength

interval mentioned.
1.1.2. Carbonaceous cenospheres

Carbonaceous cenospheres, produced by the incomplete combustion of heavy fuel
oils, have 'a structure and size which may be advantageous for obscuration.
The objective here is to collate the work published and this is presented in a
literature survey, section 2.1. Producing carbon cenospheres from a colloidal
fuel is shown to have certain advantages in terms of cenosphere size control.
A quantity of colloidal fuel was pyrolysed and the cenospheres. collected and
examined using scanning electron microscope techniques, section 3.4. Carbon
cenospheres could be stored in cannisters for localised rapid deployment or

produced on demand from a portable smoke generator for larger area screening;
1.1.3. Soot production

Using diesel; the standard fuel of the modern military vehicle, to produce
smoke clouds of soot cépable of obscuring infrared radiation is seen as an
attractive solution particularly from a logistics viewpoint. A preliminary
study by Moles et al (1985) suggests that such an approach is feasible. There
are two obstacles to overcome, firstly soot naturally occurs in the 0.001 to
0.1 um size range so to produce soot which is of the same size range as the
infrared radiation wavelength in question requires a thousand fold increase in
size. Secondly, with the exception of the carbon black industry most research
concerning soot has been aimed at reducing emission levels. The objective of
the work on séot was to examine the possibility of increasing the size of the
particles> into the micron range. To do this required maximizing those
parameters thought to increase soot size; residence time and concentration. A
literature survey, section 2.1.2., did not reveal any helpful quantitative
design information. A smoke‘generator was designed and built and experiments
were devised to measure the soot size, and infrared obscuration poteﬁtial of"

the resultant plume.



1.1.3. Ash spheres from coal combustion.

The hollow spherical products from the combustion of certain coal types may
have several interesting applications in the field of obscuration. The
formation of these ash cenospheres along with the more complex and far rarer
ash plerosphere have been studied and a schematic mechanism explaining the
formation of both species which squares with existing experimental
observations 1is proposed. This mechanism indicates how the yield of
cenospheres could be maximised for production purposes. As ash cenospheres are
non carbonaceous they have been dealt with in ai separate ‘chapter, with

literature survey, experimental and discussion sections.
1.1.4. Buckminsterfullerene

This, the third allotrope of carbon has only recently been discovered, (Kroto
et al 1984). It may have some value as an obscurant, either as an agglomerate
or as a surface coating on a composite particle. Present production methods
afe limited to only a few hundred milligrams a day, and so any obscurant
experimentation requiring perhaps a kilogram of material is not possible. In
this case the objective has been to investigate the possibility of scaling up

production of buckminsterfullerene.

In the light of the development of "smart weapons" the requirement for a
single multispectral chaff capable of operating in the radar and infrared
regions has emerged. It is not the objective of this investigation to consider
the design of such a material, however a novel solution which appears to

fulfill these requirements has been identified and is described in chapter 6.



1.2, Progress during World War II

A great deal of progress was made during World War II in understanding and
using infrared radiation (i.r.) for various military purposes. Among these was
the development of nocturnal vision and telecommunication devices and the
means to target 'hot objects’ such as the exhausts of aircraft and tanks. A
primary advantage of wusing i.r. radiation as a means of detecting enemy
hardware is that these detectors are passive; users of i.r. surveillance
equipment cannot be located. It is generally recognized that during the war
Germany lead the research in i.r. technology development as did the British in

radar development.

During this period much basic research was carried out including studies of
atmospheric absorption effects, and the transmission of i.r. through known
paths of rain, fog and artificial smoke. A demand for high quality optical
materials for i.r. technology lead to the development of new materials. For
example the lead sulphide photoconductive detector operating in the 1 to 3 um
region, developed by ELAC, which proved far more sensitive to i.r. than any
previously known detector. A great deél of work was also put into the
development of image conversion tubes designed to produce a visible image from

an i.r. radiating target.

The advent of commercially available i.r. spectrometers as a direct result of '
war time advances has lead to numerous applications of i.r. techniques in

modern industry.
1.3. Particulate requirements and usage

There are three areas for which protection 1is required in defence
applications; the visible wavelengths between 0.4 and 0.7 pm, the atmospheric
windows in the i.r. wavelength region between 3 and 15um,b and two wavelengths
in the radar region of 3 and 8 mm. Particulates used as countermeasures fall
into two categories; prepared material stored in Cannisters‘ for rapid

deployment, and materials produced on demand.

There is more than one possible scenario to be considered in which screening
is intended for use; for example a short term single target countermeasure or
a longer term large area blanket coverage - both types of screening are

essential in a conflict situation. In the case of 4i.r. obscuration the



approach used is to place a cloud of appropriate particles between the target
and the missile. In this way i.r. emissions from the target will be obscured
by the aerosol scattering and absorbing the radiation. The nature of the
particle to be deployed depends on the wavelength of the electromagnetic
radiation which must be blocked; for example a white smoke effective as a

visual screen would be useless against i.r. devices.

1.4. Military Aerosols

visible

The present practice for producing large scale visual coverage is to inject
diesel and other fuels into the exhaust of a gas turbine. The result is a
plume of white smoke effective for several miles. Other visible smokes
produced from chemical smoke generating agents include hexachlorethane and red
phosphorus (Friewald et al, 1978) hexachlorobenzene and zinc (Plante 1978) and

titanium hexachloride and ammonia in damp air (Dunbar and Smith, 1962).

It is the current practice to use brass flakes produced by a grinding process
to obscure i.r. radiation emanating from "friendly" vehicles. These flakes are
released from preparéd cannisters and so precise information including timing
and direction of a potential attack are vital. The duration of cover is
another consideration, for while the obscurant is active the "friendly"

vehicle is blind.

The atomisation of water to produce droplets in the i.r. region represents an
interesting possibility for marine applications. To this end a study programme
carried out at Southampton University has experimented with various atomisers
including spinning disc and spinning cage devices. The smallest average

droplet size produced was 60um  (Balachandran and Bailey, 1984).
radar

The material used as the major countermeasure to radar guided munitions are
aluminium coated glass fibres, known as chaff, which are cut to half of the
appropriate wavelength and so obscure by the mechanism of dipole scattering.
These 25um diameter fibres, 1.5 and 4mm in length, are stored in cannisters.
For this material to work successfully depends to a large part on the quality
of avallable information 'so that the aerosol is developed at the optimum

moment.



multispectral

To produce a multispectral radar shield it is the current practice to produce
a cocktail of chaff with appropriate various lengths and brass flakes
distributed from one canister. This system is not particularly successful as
the particles separate out once dispersed into the environment, according to

their various momentums.
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The total surface area of a 50um cenosphere has been measured at 18m2/gram,
with a bulk density of around ZSOkg/m3 (Lawn, 1987).

Cooper (1977) proposed an empirical relationship for the cenosphere size range
by making simple assumptions about its relationship to the parent oil droplet

size range:

2 2
bx -dx )

n’ (x) = x(ae” + ce (2.1)

where x is the droplet diameter. For a twin fluid atomiser a = 6.49 x 10-2,
b =7.78 x 107, ¢ = 2.54 x 107" and d = 3.18 x 10" and n’ is the size

density distribution.

Lawn (1987) has shown that if every fuel droplet contains the same proportion

of cenosphere forming material then the particle distribution will have the:

same form as Cooper’s equation.

Variations in the fuel affect the size of cenospheres. For example increasing
the asphaltene content in a fuel increases the cenospheres size, Michael and
El-Wakil (1967). Asphaltenes are defined by Whitehead (1981) as "dark brown,

amorphous solids, insoluble in n-heptane but soluble in toluene or benzené".

- A chemical analysis of cenospheres is given in Figure 2.2:

Carbon, C 85.7*
Iron, FeO 4.1
‘Nickel, NiO 0.5
Vanadium, VO 2.4
Copper, CuO 7 0.1
Chromium, CrO 0.1
Sodium, NaO 0.5
Silicon, SiO 0.1
Sulphur, SO 5.2
Balance 1.3

—
o
o

* Variations between 70 and 90% are commonly observed.

Figure 2.2 Cenosphere analysis (% by weight - Lawn 1987)

8
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Carbon forms the bulk of a typical cenosphere with iron, sulphur and vanadium

the principle other constituents.

The behaviour of inorganic components during combustion is complicated: some
will enter the gas phase, but most will be concentrated in the coke, forming
ash which will be released during subsequent combustion. Entrained in the flue
gas will therefore be a number of inorganic compounds including oxides of
iron, nickel, magnesium, aluminium, silicon and vanadates. In partially burnt
cenospheres inorganic constituents may sometimes be seen under the optical

microscope as inclusions of minerals, (Cunningham et al 1989).

Work on cenospheres may be divided into two areas, experiments involving

single droplets and experiments on conventional spray type flames.

2.1.2. Single droplet studies.

Conventional combustion systems are too complicated to allow investigation of
the fundamental combustion properties of the fuel itself. Therefore
qualitative and quantitative information about the burning process is often
sought through a variety of techniques employing either isolated droplets or
arrays of monodispersed single droplets. The single droplet technique involves
suspending a fuel droplet from a fine fibre and rapidly heating by gas flame
ignition or lamp radiation. Heating rates are intended to be comparable with
those found in large furnaces but the balance of radiative and convective
heating may be different. A drawback to this technique is that the droplets
are larger than those found in typical industrial spray flames. Additionally
cenospheres produced in this way have only a single. chamber, unlike
cenospheres produced from power stations which are characterised by a complex

series of internal chambers.

Several authors have reported droplet diameter, mass and temperature histories
of suspended heavy fuel oil droplets ( Masdin and Thring 1962, Michael and
El-Wakil 1967, Shyu et al 1972, Jacques et al., 1976, Braide 1979, and
Natarajan 1979).

Lightman and Street (1981) described the combustion history of a drop of
residual fuel oil. When drops are first heated there is an initial evolution

of micro~droplets from the fuel surface. This is termed the volatile shell.



This evaporative process continues with slight swelling until the onset of

boiling which is often quite sharp Figure 2.3:

1500

Tempercture limit
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in Nitrogen

1000
Final coke
&)
°. ~————— ]st coke
o -
=]
3
g - Volatile flame —
§ \
- - |“
il \
500 — ’ \
\
Ignition \ Frogmentation

L / 1st bubbles . \
L 1st voletiles \
/ o

durnout
| J

Figure 2.3 High Asphaltenes 0il: Typical Temperature Hisfory
(Lightman and Street, 1981)

As the temperature rises, bo‘iling, particularly in the case of the more
volatile fuels, may become violent and lead to the formation of satellite
‘drops or, exceptionally, in the disintegration of the whole drop.
Decomposition as well as simple evaporation contributes extensively to the
content of evolved vapour. The viscosity :of the residue increases with time as
large paraffins are broken down and side chains are stripped from asphaltenes

and similar molecules which then undergo condensation to form carbonaceous

structures.
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Volatiles evolution ends abruptly, together with the sample collapsing,
rapidly forming a rigid coke particle at approximately 800°C. Asphaltenes
themselves and high asphaltene fuels show the least contraction and produce
large, thin-walled coke shells about the same diameters as the parent fuel
droplets. Samples with low asphaltene content remain fluid until a late stage
and then collapse to form relatively thick-walled coke particles, no larger

than 40% of the original droplet size.

King et al (1981) illustrated the stages in the formation of a cenosphere

Figure 2. 4:

INITIAL DRCPLET

< —_—D> EVAPCRATION OF VOLATILES

-

PYROLYSIS AND EVAPORATION

B S— ——» OF VOLATILE PYROLYSIS
PRODUCTS

FCGRMATION OF SOUD CARBONACZOUS
RESIDUE AND SLOW HETEZROGENEOUS
COMBUSTION :

Figure 2.4. The formation of a cenosphere (King et al, 1981)
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