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Summary 
Used lubricating oil is regarded as a toxic and hazardous industrial waste. Several researchers have 
worked on finding environmentally friendly ways of used oil disposal. In South Africa, used lubes 
are: 

" reprocessed for subsequent burning 
" reprocessed for other uses 
" burned in lime plants, and in brick and tile kilns 
" re-refined 

In brick making, more than two thirds of the energy at a factory is used during the firing process. To 
reduce the energy demands of this process, brick makers mix solid fuels (known as "body fuels"), 
clay and water, a practice that has been known to exist for centuries. Fuels that have been tried and 
used as body fuels in the world are coal, sawdust, sewage sludge, industrial organic waste, rice husks 
and other agricultural waste. Among these, coal has the highest calorific value ranging between 22 to 
29 MJ/kg. In South Africa coal is the most commonly used body fuel. The use of used lubricating oil 
as a body fuel has been reported, but the process has not been technically or scientifically studied. 
The project was proposed at the University of Cape Town to find more ways in which spent oil 
could be utilized as an energy source, i.e. to provide the energy required during the firing of bricks. 

This study was carried out with the aim of investigating the technical feasibility of using spent 
lubricating oil in low technology clay brick operations in South Africa. The study was applied to the 
operation of a traditional clamp kiln operation, but the method and results obtained can be modified 
and applied to other brick making technologies. 

The main questions that would arise from such a practice are: 

" Can used oil be handled as conveniently as the fuels presently used? 
" Will the used oil volatilise rapidly at low temperatures during the initial heat up phase of the 

brick and would not be effective at the high temperatures required for the sintering and 
vitrification of the bricks? 

" What are the environmental drawbacks or benefits of using oil in this way? 

The above questions were addressed by carrying out a literature survey, laboratory work, fieldwork 
and modelling of the evaporation of the oil from a single clay brick. The literature survey was carried 
out to develop an understanding of ; 1) the brick making process and 2) the physical and chemical 
properties of used lubricating oils. It was learnt that the brick making process follows four major 
processing steps namely: clay winning and preparation, mixing of clay water and fuel, extrusion of 
the mix, drying and firing of the bricks. Used lubricating oil was found to contain toxic heavy metals, 
of which lead (Pb) was of primary concern, and high levels of polyaromatic hydrocarbons. Due to its 
toxicity the use of spent lubricating oil as a fuel is restricted to certain combustion specifications in 
developed countries. In South Africa, the combustion of used lubes is not regulated, but in general 
all industrial practices should see that the environment is not polluted. 

Thermogravimetric techniques were used in the laboratory for characterizing the used lubricating oiL 
A laboratory size mixer and extruder were used for the brick making experiments done at the 
University of Cape Town. The mixer was used for mixing the clay, water and oil, whilst the extruder 
was used for extruding the "green" briquettes (bricks before drying and firing), measuring 12'}3':'3cm. 
Normal size, used oil body fuelled building bricks were produced at a brick 
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1.Introduction 

Bricks are by mixing with water to the 
lastly firing. shaping of clay into been m 
From historical excavations done no specific can put as to 
made, as this was done in different countries with no means communication 
(Goodson, The first bricks were made by hand shaping the mix of clay and later 

TAr.,rl"'" and metal moulds that were prior to throwing the into the moulds were 
developed. From the beginning the 191h most of the shaping of clay ware has been 
done by machines. 

molded bricks were left in the sun to dry they were hard enough to set firing. 
of the ancient methods brick firing is the clamp kiln. The base of the clamp was made on 

flat ground with about two or layers unfired bricks. were in between bricks 
to allow air to through. Channels were made between bricks in which was laid, 
mainly wood. Another layer of bricks was laid on top of the fuel and then bricks to be fired 
would be stacked on top. The fuel would be lit and the clamp left to burn. burning period 
would depend on size of clamp and it could be anything 2 weeks to a few 

Egyptians were first to add supplemental . to the brick (Alleman et. 
1984). added straw both to the matrix together and to increase strength to their sun-
baked Since then many additives have mixed with clay to improve the processing 
characteristics or the finished quality of bricks: Inert substances such as shale and broken brick 
fragments have been added to reduce shrinkage during drying and firing and to increase final 

(Alleman et. al., 1984). In modern days, coloring such as manganese are 
added to give especially to white burning 

1.1 Problem Statement 

Developing countries are increasingly facing the demand fired products. The larger 
portion of these are produced by small and medium-scale enterprises. industries generate 
excessive amount of pollution and their sustain ability was under threat due to their inefficient use 
of energy and reliance on as a source of fuel (ITDG,2000). Intermediate Technology 
Development Group (ITDG) (2000) and the International Development Center 
(IDRC) (1992) have in the past decade, done to improve the in small-
scale brick making' . in developing countries. Major 
Zimbabwe, Peru, Colombia, Colombia, and decade long 

m resulted in partial of fuel wood with coal industrial 
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which would greatly help to reduce deforestation. The' alternative 
energy sources for ignition led to significant improvements in the energy efficiency the 
kilns. These . demonstrated fuel wood can be replaced coal, . 
rice husks sawdust 2000). 

brick more than two thirds the energy used in a firing 
process. If a factory uses sun drying for its green bricks the pn,~rav 
can account for over % of total purchased energy. However, a 
as "body fuel", may mixed into the day with the aim of providing a secondary source of 
during the firing of the brick to improve the energy efficiency this process. . 
field employ . fuels for this application, some of which are decayed 

sludge, waste oil, bearing days, breeze (i.e. ash/ slag), sawdust 
agricultural wastes (Alleman et. aI., 1984). It thus seems that there is an opportunity to 
virgin resources as coal) with end-of-life materials. 

Owing to its widespread availability, if fuel is mixed into day in South Africa, it is typically 
fine coaL As can be seen from above, most the additives used as body fuel are solids. 
However, are no reasons in principle why a liquid fuel such as used lubricating oil cannot be 
used for operation. No documented information been found on the use of 
lubricating oil, as a body fuel in South Africa nor elsewhere. However, Lloyd (2001) informs us 
that used oil is being tested some small-scale start up enterprises in the empowerment arena, 
in South Africa. . (2000) and von Blottnitz (2000) have studied end of life uses 
lubes, among which brick making was proposed. 

Hibberd (1997) carried out a study, which covered the brick factories in South Africa 
and 60 % of total brick production. The research showed that 60 % of the bricks produced in 
South are from clamp and the balance from non-clamp kilns, i.e. tunnel, down 
draught, Hoffmann and transverse arch kilns. Table 1.1 gives some of the results of the study. 

Table 1.1. I-inprO'v use of damp and non.damp operations in S.A. 

Carey (1984) the following energy consumption levels the different kilns: 

• 3.51 MJ/kg - tunnel 
• MJ /kg - transverse arch 
• 3.69 MJ/kg - Clamp kilns 

We have seen from the above figures that most of the bricks in South Africa are produced from 
clamp kilns, and damps consume more energy than most of the brick making technologies. 
Therefore, it is thought that the introduction of a more readily combustible fuel, as used oil, 
can improve the efficiency of such kilns. Figures published in South Africa, von Blottnitz (2001), 
have shown that about 55 million of used oil are collected annually, and 75 of this is 
r\r,"\r" .. ;:~~·ti to become an industrial fueL The substitution of with used oil in industrial 
applications would involve significant transportation but in brick making, the technical 
feasibility of this practice has not been investigated. 
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As a result this study was of Cape Town Environmental 
Engineering Research Group to investigate if lubricating can be used as an 
alternative body fuel in brick making. a practice might be following 
reasons: 

• The heating value used lubricating 38MJ/kg to that of coal is 
between MJ/kg 

• is more volatile coal, it will volatilise at a lower ~"""IJ'~' is thought 
to start burning outside brick than coal. 

• It is difficult to the 
to the creation of inside Oil has a greater 
the and would give more homogeneity than therefore it is expected 

distributed generation' brick the heating nrl"\"''''''' 

• It is that amount of water to provide type of fluid behaviour required 
extrusion of the clay is reduced. Reducing the amount of water means that the drying time 

is decreased. Therefore, are potential energy savings in the drying ..... t',,,,,.,,,,, 

• presence of oil in the mixture reduces friction between mixer and the clay particles. 
Therefore rate at the mixing impeller wears to abrasion chemical corrosion 
IS to the case coal is used. 

• It is expected (from the above points) that the extrusion process is easier due to the use 
of oiL If there is no deformation of the brick during extrusion, drying or burning, a new 
brick quality can be introduced on the market. 

On the other hand, used lubricating oil is a problematic 
involve significant risks. 

and improper use as a fuel may 

1.2 Objectives and Key Questions 

main aim of this work was to investigate the technical feasibility of 
a body fuel in clay bricks. This required investigating: 

spent lubes as 

1) The extrudability the used oil, day and water mix and the strength the green 
(a strong brick is required to withstand the handling required for the drying and 
firing processes). 

2) The volatilization and pn,"rav utilization the used oil fuel will all oil burn?). 

objective was to comment on environmental consequences of such a 
in to part the technical objectives Used oil is 
hazardous substance, and although no law governs burning used 

lubricating oil in Africa (R wodzi, 2000), environmental damage and possible health effects 
to neighboring community, to its use must 

oil as volatility, liquidity, flash point 
and this practice, whose <OiU' .... ~ ..... 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4 

drying and This lead to 
which this thesis aims to answer: 

• oil be handled as conveniently as used? 

• oil, water mix be workable/ appreciable 

• is more volatile than the 
will it or distill too rapidly at lower ~'-""I .. "_' 

effective at high 

• the heavy metals in the recycled Can the brick act as a sink of 
contaminants? 

• Are there increased or 
this 

CU\.1"-CU aIr emISSIons from the use of spent lubricating oil in 

1.3 Hypothesis 

some reading and some it was established that a used oil body-fuel would 
of interest to brick makers r\"""',r"r, 

the following hypothesis was 
>""'1-"''''' clamp kilns. Accordingly, to guide the work, 

Used oil can ecome an important brick body fuel, especially in traditional clamp kilns 

• extrudable bricks good strength can be produced; 
• of such a oil IS at in the 

• 

1.4 Approach to the research 

The were upto ""L<lH'Ll<l' .. <C the 

1) Literature review 

search was to be done to understand the fundamentals of 
the various fuels used. the physical and chemical 

its use as a fuel were included in the 

2) Factory visits 

Tunnel kiln clamp kiln operators were to approached to assess 
a body fuel in these operations. 

3) Laboratory "'".-,"' .. , 

had to be ..... "'''''h •• ''' 

lubricating oil 
water and clayon a 

to the 

applicability of used oil as 
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4) Plant trial 

If the laboratory experiments were successful to guarantee success on a large scale, a plant 
trial would be sought to evaluate the technical feasibility of using spent lubricating oils as a 
body fuel in brick making. These experiments would involve the measurement of 
temperature profiles and gas sampling, on the oil and the coal-fuelled zones. The brick 
quality was to be assessed and observations made during the drying and firing processes so 
as to note down the environmental considerations. 

5) Modeling 

Using measurements from fieldwork, a heat transfer model was to be developed to estimate 
the amount of oil that would evaporate from a brick during the heat up phase. Therefore, 
some environmental considerations of this process would also be deduced from the results 
obtained from the model. Conclusions would be drawn based on the results of both the 
experiments and the model. The success or failure of spent lubricating oil in this project 
would be assessed on achieving the main objectives. 

1.5 Scope and limitations of the project 

Some modern tunnel kiln operators incorporate fuel in their bricks while others do not. 
However, most of the old-fashioned methods use fuel mixed into clay as a secondary source 
of heat during firing. Some of these methods include Hoffman, downdraught, transverse arc 
and clamp kiln operations. The technology of mixing fuel into the clay cannot be generalized 
as it depends on the firing method, the type and use of the bricks to be produced, the energy 
saving potential and occasionally on personal preference of the operator. 

Tunnel kilns have a counter current heat recovery system, which is thought to blowout the 
volatiles from the used oil, to the atmosphere. Therefore, used oil test runs would focus on 
clamp kilns where the movement of the flame front is thought to allow the volatiles from 
the oil to burn. 

There are two main environmental concerns in this project: 1) pollution due to emitted 
unburnt volatiles from the used oil; 2) the release of toxic heavy metals into the air. There 
were several limitations in this project that affected the results obtained. Work of this nature 
would usually involve stack gas sampling. However, stack gas analysis could not be done 
here due to the complexity involved in sampling on a clamp kiln, at costs, which would be 
beyond the budget of this project. Therefore, volatile organic compounds emitted from the 
burning clamp kiln could not be measured. 

If the heavy metals are immobilized in the brick matrix the next question that would arise 
from this is about the leachability of the metals in the brick with time. However, such an 
investigation is beyond the scope of this work. 
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amount of water that would be used in this process could not be 
amount of water put into the clay is determined by inspection, at 

the . were done. The extrusion pressure is also not Hl\ .• =,.u 
by . of the bricks produced from the extruder. 

of clays have different sintering and vitrification 
of two properties is beyond the scope of this work. 

1.6 Structure of the thesis 

from this chapter, the second ",H(,V"'''' 

the brick making process. 
user an idea of how much 
the amount of fuel that ,","\J\.U"" 

different sintering and vitrification 
composition. The brick making process 
through to the firing process, which is the last in 
explaining the general classification bricks forms an 

Used lubricating oil is defined in .... " ... v" ... , 

of used oil in industrial processes IS 

management of this secondary resource in an 
also reviewed. 

The laboratory experimental 
experiments for testing the 
are described. The results 
this work are 
and the expenments 
expenments are 

Chapter 6 is about 
fraction of used oil that is ext)eC'tea 
profiles of a 
hypothesis 
respectively. 
concluding " ....... ,L''-'·U 

contaminants burning 
relating to the 

as South Africa are 

in chapter 4. Laboratory 
lubricating oil in brick making 

the used oil employed in 
V .... UL;)C;;) on the approach to the plant trial 

results obtained from the plant 

interior of a brick and estimating the 
firing process. The temperature 
code. Finally, in chapter 7, 
results from chapters 4, 5 and 6 
further research are made in 
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2.Clay composition and the brick nlaking process 

Introduction 

theory reviewed in 
making pn)cesses, 

characteristics of 
brick 

the important 
the and 

fuel to 
In 

Ul;"C.u,,:,;,CU in section 2.4. case 

Composition of clay 

main constituents of most clays are silica, 
of used varies 

..... ,..''''''''I'r in most clays as 
are ____ ,. ___ J '.""'JUJ.U 

incorporated to 
",an.He'j:, industry in 

the 
discussion on the 

this chapter. 

I.e. as 
illite (Clews, 1969). can exist 

with quartz as major "''''., ...... ''' •. ,''' .. and other minor components. Kaolin IS the 
clay is almost kaolinite. Some clays are predominantly most common, and 

montmorillonite but are no known examples consisting of entirely Kaolin has the 

propertIes are more 

cOmpOSltIOn: alumina, 46.S % 13.9 % water. 
about 80-90 % of 

L'-"-'''I-'''''" (Grimshaw, 1971). 

have t>v,·"" ..... , 

mineral, associated impurities such 

stickiness and fomula is: 
composition have discovered and are 

commercial grade montmorillonites 
P't",,,"pn montmorillonite mIca. 

wide range of HU·"",.,v,,,, 
must be large 
and moulded 

vitrify 
{Grimshaw, 
the plasticity 

mixing of clay, oil 
binding properties 

t 
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worthless. ugj?;es1ted that laboratory uu,-u' • ., had to be out first, using the 
commercial to that the mix could extruded and moulded without deformation. Clay 
properties that are' to the brick are presented briefly in subsections below. 

2.2.1 Combined water 

splits up 
,"V,l!3llLUC':;HL.:> silica, 

water amounts to about 
14 % percent amount of combined 
water varies from to about 10 percent. This water is only driven off from clay as steam, when 
it is heated to red hot, clay having previously thoroughly dried. Combined water must be 
considered as a or part of the clay not as a mixture water the clay. 

Mechanical water 

process 

are not, and need not be, 
from the presses, set 

L 
2. 
3. 

Loss-on-Ignition 

off of 

to the day, 
as mechanical water. It IS 

1964). It is normally by weighing 
The mechanical water allowed in the clay differs 

being (Taylor, 1): 

10 19 
10 - 14 
16 - 31 
23 - 33 

cent 
cent 
cent 
cent 

wire-cut must 
they are too soft to set without drying 

when set in the kiln. With other processes 
III the kiln. 

brick that has been dried in an oven at about 110°C) is iHCa.l':;U 

is determined the 
The to: 

in the clay. 
decompose carbon 
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2.3 The brick making process and classification of bricks 
. . 

prc)ce~.ses l.e. mlXIng, extrusIOn, 
at the end. 

2.3.1 

out (winning), by 
uniform Water may 
in some cases chemlCals may for specific 
with producing an insoluble product, 
product. is the name' to the build 
(Taylor, 

so as to suit the moisture content of the clay. 

~) 

(ii) Stiff 

The 

process 

the manufacture 
high 

process 

with clays that 
is obtained, 

Many 
of iron 

moisture content of the bricks. 

co:mJ.:,aC:leu Into a LHV\.UY. 

clays 
during firing. 

(iii) wire-cut process 

The clay is to a moisture content of about 20 % 
LV;;','""''-'''.'' material. This is extruded to a size, which allows 

correct thickness by wires. Wire-cut 
"drag dragging 

1 

firing. 

out 

following 

for bricks 

pressIng 
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(iv) Soft mud process 

process utilizes clay, normally shallow deposits, in soft condition, the moisture 
content being as high as %. 
material to assist firing or' 
to prevent sticking. The 

Drying 

ash/ slag) may added to provide combustible 
The clay is pressed into moulds, which are sanded 

are very soft and must be handled carefully before drying. 

Drying must be carried out to firing when bricks are made from clay of relatively high 
moisture content. Drying the bricks to stacked higher in a kiln without the bricks at 
the bottom becoming distorted by weight of the bricks above Bricks can sun dried 
or oven dried depending on the mechanization of the brick plant. Open air drying to a residual 
moisture content of 5 % (dry basis) takes to four weeks (Huiras, 1988). 

Oven drying is carried out in chambers, the temperature being increased and the relative humidity 
progressively decreased as bricks lose moisture. The can a number of days, with 
bricks of greater moisture content taking a much longer time. Bricks produced by the wire-cut 

the soft-mud process must dried prior to firing (Taylor, 1991). 

2.3.4 Firing 

The method of firing bricks 
type bricks being made, 

method setting them for firing varies according to 
availability of capital, laws and to some 

extent molding process. It is common to call brick devices, 
is to cause melting (sintenng) of which increases strength and 

salt content without of day of brick, 
alumina, do not melt since (Taylor, 1991). 

Classification of bricks 

The of bricks produced is usually operation at a factory. 
Generally, which use production, produce more 
quality bricks. Highly mechanized factories with little manual handling of 
operation produce more expensive and better quality bricks. However, there is always a off 
between the type bricks, market demand and production costs such that some brick makers 
opt to produce the whole range from cheap quality common bricks to face bricks. Bricks can be 
generally classified as follows (Rowden, 1964): 

a) Common bricks: Bricks that plastering i.e. those are 
ordinary work not exposed to view. 

b) Facing bricks: Those that are specifically made good class work exposed to view 
c) Engin~ering bricks: They are bricks of high density, accurate dimensions, and of low 

porosity. 
d) Paving bricks: They usually have the same properties as engineering bricks i.e. high 

compressive strength and water absorption rate, but they are used for paving. 

2.4 Fuels used brick making 

As mentioned in the previous sections, brick makers either incorporate fuel into the brick 
matrix or they fire without mixing fuel with the Therefore, the can be classified 
into body fuels external fuels. The main advantage of body fuel 
is that considerable can first 
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are body fuels and section 2.3.4 fuels should generally 
following characteristics: 

• 
• 

• 

• 

They should be relatively 
They should combust to 
(usually 900 - 1000 DC for 

and 1250 - 1400 

waste 

a strong to 

burner tips during 

to provide an internal source 
uu,,,,,,,,, mto clay depends on the firing 

caI-ocmact;:()us matter in clays varies form 
1964). This suggests that in some 

by incorporating fuel into 
to a lesser extent the type 

by mixing the clay with 
have limitations as to 

"U'~"".J'Uh operating parameters 

as sawdust and rice a lot of attention 
past two decades. of small·scale brick 

"u ... ,,";"" by 40 to 50 % during a project sponsored by SEI 
Institute) (Svenningsson, were achieved by 

clay and the introduction of new in the kiln. Similar 
fromexperiments carried out in and Rwanda. The IDRC 
Research Centre) support team and the National University of Rwanda 

a down draught, igloo-style kiln in . with rice husks, 
sawdust was used. heating values of sawdust rice by LIOR 
International (1999-2000) are 19-19.2 and 15.3 kJ/kg respectively. The use as body fuel 
gave the following 

• 

• 
• 

2.4.3 

which can be too malleable, and 
drying. 

as a body fuel commenced at a 
in the same year (Slim & 

saw a natural fire on a landfill 

use 

council he was given some sludge to start. 
sludge with clay. At 30 % the bricks 

from 

was 
by the 

with 5% 
were of the 
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Wakefield,1991). 
1. 

compositIOn the heat-treated and dewatered sludge is given in Table 

volume of sludge for common (plaster) bricks was % and between 5-8 % for face 
bricks. bricks produced are fired in tunnel kilns (see section 2.4 for a discussion of kiln 
types). temperature gradient between about 150 to 800 during which the sludge burns, is 
much steeper than that obtained on a normal HFO (heavy furnace oil) firing cycle. The sludge is 
completely burnt at about 800°C after which the temperature gradient begins to fall. The 
temperature is raised to 960 °c for vitrification the clay by the injection of HFO through 
burner nozzles in the firing zone. A large fan draws gases, previously emitted into the 
atmosphere, into a sludge after-burner where the burning sludge raises the temperature of the 

to about 700-750 °c, thus providing a cheap source fuel for the drying 
emissions obtained from the stack during this practice were reported as shown in 

Ash content 
Calorific value MJ/kg 
Total nitrogen (N) % 
Total Phosphorous (P) % 
Potassium (K) % 
Magnesium (Mg) 
Calcium (Ca)% 
Sodium (Na) % 
Iron (Fe) % 

(Zn) 
(Pb) 

Chromium 
Copper 
Nickel 

Oxygen 
Nitrogen 
Carbon 
Carbon 
Sulfur dioxide 

3.6 

0.23 
0.38 
2.38 
0.14 
1.41 
1 
1936 
3141 

2.3 
0.5 

0.09 
0.14 
0.65 
0.06 

651 
231 
366 
133 
28 
88 
0.6 

Trace 
2.18 

1.0 
0.18 
0.24 
1 
0.09 
1.03 
1153 

1877 
210 
37 

The burning of sludge caused a change in stack appearance to a white colour and a 
definite irritating smell burning in the area. The gas from the stack also contained 
approximately 140 mg/ m l of NH~CI gas and partially burned organic matter. The combination 
ofNH~CI and the Sulfur dioxides could have caused the irritating smell. Serious fires could 

observed at the top of due to the auto-ignition of heavy deposits formed in the 
stack. deposits consisted about 60 % NH4CI, 40 % partially burned sludge and pyrolysis 
products. The quality of the flue gases was improved by incorporating a sludge-fired afterburner. 
The introduction of the afterburner improved the quality of the stack, with an elimination of 
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improved by incorporating a sludge-fired afterburner. The introduction of the afterburner improved 
the quality of the stack emissions, with an elimination of almost all the organic matter. NH4Clievels 
were reduced to approximately 7 mg/m'. No comments were made about the S02 emissions, probably 
because the sulphur would be oxidized to SOl as a result of the O 2 content in the brick kiln. No 
mention or comments of NO, emissions was made either. 

The bricks produced from this practice had a good appearance and complied with the South African 
Bureau of Standards (SABS), regarding strength and water absorptivity. The use of sludge as a fuel had 
the following advantages: 

III Savings of 7 Ml of water per annum at an annual production of 27 million bricks 
III Fuel savings then at 69 % 
41 Reduction in brick weight meant more bricks per load of truck 
41 Kiln throughput increased by 100 % 

41 Provision of heat for drying from the sludge burned in the after-burner provided a cheaper 
source of heat for drying chambers. 

2.4.4 External firing fuels 

External firing fuels are used in all types of kilns. The methods of firing and the introduction of fuels 
into the firing zone are described for each type of kiln in the next subsection. The major forms of 
energy used for external firing are coal, diesel, electricity, HFO and gas. The last decade has seen the 
development of microwave radiative firing in some tunnel kilns in the developed world (Anon (2001) 
and Grizzel R & Mevec G (2001)). Some fuels, like coal and other agricultural wastes, can be used both 
for internal and external firing. Depending on availability and cost, liquid fuels can be blended and 
fired in the different types of kilns. Gaseous fuels, such as natural gas or propane, are generally 
regarded as the cleanest burning fuels in the brick industry. 

2.5 Types of kilns 

A kiln is a device in which bricks, that have previously been dried, are set and fired up to the finishing 
temperature. The finishing temperature is the highest temperature the goods can withstand without 
serious distortion. At this stage the strength of the goods is increased firstly by sintering, a process in 
which adjacent solid particles join each other via the constituent ions. The ions re-order themselves in 
crystalline form and make a solid link between the particles (Clews, 1969). At the higher end of the 
firing schedule more crystallization and melting of the clay mass occurs. The solid remaining becomes 
coated with liquid when the kiln is cooled. The higher temperature crystallization and melting is called 
vitrification. Different clays have different finishing temperatures. The range is usually from 950 to 
1150 °c (Rowden, 1964). Kilns available for firing can be classified into three types: 

1. Intermittent 
2. Semi-continuous 
3. Continuous 

2.5.1 Intermittent kilns 

These are described as those in which green bricks or other ware are placed (set), fired according to a 
definite time-temperature schedule to the required finishing temperature, cooled and then taken out of 
the kiln (drawn) and placed in the stock yard or delivered to the customer. The process is repeated with 
another charge of greenware (Rowden, 1964). Intermittent kilns may be roughly classified as follows: 
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Updraught kilns: (1) 
(2) 

Horizontal draught kilns: 
draught kilns: 

The Clamp 

structures - the clamp and scove kiln 
structures - round 

- rectangular 

- rectangular 
-round 
-rectangular 

14 

This section gives the general operation of a clamp kiln, however it should kept in mind that 
the method of construction of a clamp kiln varies from works to works. Clamps are 
temporary structures and are a dense setting of bricks containing fuel, which is ignited at one 
and left to burn, fire progressing down the length of clamp. The bricks contain a certain 
amount of carbonaceous matter, either decayed town refuse, coal or sawdust added to the clay 
before firing the bricks, together with a further amount of fuel placed in the setting 

After drying, the bricks are set on a well drained foundation of burned bricks in the open, or 
under a sheeted roof open sided barn, to form the clamp. The dimensions of the can 
about 18m and up to 21-24 m about 30 bricks high or more. courses (two) 
of spaced fired brick form of clamp over which a layer of course or small 
coke 15- or I8-cm thick, is laid. Above this is a course of lightly fired bricks (burn-overs), cm 
- or 5 cm of coal or town refuse, followed by green bricks to be fired. Three courses of fired 
brick are placed on the top to cover the setting (Rowden, 1964). 

The and ends of the damp slope inwards and are also with fired bricks, the 
thickness brick being greater at the bottom than at top. Narrow 

cm from the about 8*8 cm are left throughout the length 
90 cm to 120 cm across the width of the are lighted at one 
and the gradually travels to the end by 
combustible matter in . When IS well alight openings to flues are 

Another method is to leave gaps in walls to form 'live holes'. These are filled 
coaL On outside the holes a temporary so as to ignite the clamp. 

soon as clamp is . the firing ceases the of live hole is by 
bricks and day clamp is to burn until all matter is this 
may take 3 to 6 weeks and depends on the of the clamp (Rowden, 1964). 

skill is required in 
damp is ignited is not 
produced depends very 
wind . the . 
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Bricks with 
fuel 

Figure 2.1 

2.5.1.2 Down-draught kilns 

Combustion 
gases 

Modem type clamp operation 

True e layers 
of coal 
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Apart from firing face and engineering bricks, downdraught kilns are used for firing roofing tiles, 
floor quarries, slat glazed pipes and refractory goods. They can be round or rectangular. The 
principle of such kilns is for the products of combustion to rise behind the bag walls into the 
firing zone of the kiln, and then to descend through the settings of the goods being fired to 
openings in the kiln floor through which they pass into the flues and then to the chimney 
(Rowden, 1964). The cross-section of a downdraught kiln showing the direction of gas flow is 
shown in Figure 2.2. 

2.5.2 Semi-continuous kilns 

These can be visualized as five or more intermittent kilns built in series, such that gases can pass 
through from one chamber to the next. The combustion gases make their way to the chimney 
after the last kiln. The first k.iln is heated up first and the hot gases pass through to the second 
k.iln, therefore the second kiln is pre-heated to a fairly high temperature before it is set alight. 
This is the time at which fuel is fed to the second chamber: by then gases will be passing to the 
third chamber. This process is repeated until the last chamber is fired. Longer kilns operate like 
continuous kilns except that periodically fires have to be restarted at one end of the kiln 
(Rowden, 1964). 
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.............-. 
damper 

--IiI'" 

1 
L 

r-
bagwa11 

~ 

2.2. Down draught (adapted 1964) 

2.5.3 Continuous kilns 

These may be described as those in which bricks are always being fired. Green bricks are put at 
one end of the kiln and the fired bricks withdrawn continuously from the other end. Fuel is fed 
regularly at a more or less constant rate. The two main types of continuous kilns are: 

1. The ware type or car tunnel 
2. The moving fire or 

are two types of annular kilns 

a) Barrel arch or longitudinal 
b) arch (chamber) kilns 

2.5.3.1 The Car tunnel kiln 

tunnel kilns as fuel and now they are mostly oil and fired. They 
consist of main zones: firing and the cooling zone. The different zones are 
maintained at certam temperatures during a firing supply for combustion and 
cooling. bricks are on trolleys called cars, which move counter current to aIr 
from the blower. The products of combustion are drawn to entrance end of the kiln, 
extracted by a can either be located on the or on the in the . zone. 
Figure shows a basic kiln structure. 
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2.3 

slack 

exhaust tan 

pre-heated air 
fur burners 

Blower 

-----1 ...... burners -------
nlCllleffient of 
cars 

mO'l1f:ffient of 
gases 

Section of a direct-fired tunnel kiln (adapted from, 1969) 
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2.6 Reactions taking place during firing 

200-900 

400-900 
400-950 

time and the rate of temperature rise must be monitored 
place under the appropriate conditions at the 

the taking place during the firing ....... ,'l' .. ,," 

at 

quartz, with a 2 % expansion in volume. Slow 
for clays with a high quartz content, to avoid 

is reversible, so care must be during 
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2.7 Heat transfer processes occurring during firing 

As mentioned in chapter 1, a would be developed to estimate amount of 
oil evaporating from a clay brick firing. . firing kilns heat is transferred 
convection, conduction and . Our problem would involve formulating a heat transfer 
problem involving the manipulation mainly the unsteady state conduction equation. This 
section gives a brief definition of each of the heat processes and reviews recent work in 
modeling kiln as background theory to our modeL 

to surface of goods by convection. 
heat through solids by means of and atomic vibration, in 

the movement of electrons enhances 
to the center brick by conduction. 

waves. Heat transmission occurs in 
heat a can 

of the major engineering problems encountered in kiln firing is the transfer of heat from the 
burning to fired goods, due to the difficulty' in . of the 
Some related to our problem published Lybaert et. (1993). They 
the of ceramics in a batch application a computational method to the 
of refractory bricks, the improvement of the energy . and 

concept in formulation of the model is independent of the bricks 
to made. The main purpose of their work was to use a computational method to gain a better 
understanding of the factors affecting the temperature distribution of brick load, to optimize 
the firing cycle. Final product quality, in the ceramic industry, is dependent on the 
uniformity in brick load i.e. every brick must have a . history (Lybaert et.at., 
1993). 

In their model they lumped aU the of ware as one solid block and solved the 
and radiative heat transfer equations for the whole system. For the conductive 
dependent ware temperature field was solved by the application of the 
equation, which included 2 heat source terms, i.e. one due to the' 
radiating field the second one accounting for the convective and radiative 
solid and the gas. 

the time 
conservation 
solid and 
between the 

fields were computed from the fluid mass, momentum and 
following simplifying assumptions were made: 

It "Neglect I.e. combustion at theoretical 
temperature 

It Furnace atmosphere is incompressible 
It Turbulent flow was assumed to prevail everywhere in the furnace." 

The radiative equations were formulated by considering charge as an "equivalent" 
medium. The model equations were solved by a finite volume technique. Euler 
used for the integration. 

their work they obtained temperature profiles of the ware and gas phase. Lybaert et.al 
(1993) concluded that their model could be used to compute convective, conductive and radiative 
heat transfer phenomena for intermittent kilns. Progress is still being made to validate model 
for applications in design, and determination operating parameters for' . the energy 
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a 

of the brick, t is 
surface (Welty, et. at 

k 
a= 

is the specific heat capacity 
(kg/m3

). 

properties of clays 

properties of bricks depend on 
the body 3) the temperature to 

(1984) gave the following 

heat capacity 
conductivity 

conductivity 

communication with 
of building 

the following 

conductivity of natural 
common bricks vary npTTIr~'p 

heat given by 

is a function 
'-'11"'";;\~" III the specific 

. thermal 

p 

a transfer model to a . 

heat transfer problem 
aet:ennUlea temperature data could 

k is 

the convective and 
solved is the Fourier field 

(2.1) 

thermal diffusivity through the 
diffusivity is given by 

thermal conductivity 

IS 

of 

pIS 

main factors: 1) porosity 2) the COlmp'OSlltlCm of the 
the material is subjected. 

and Kaolin 

20°C 
100°C 
300°C 

of thermal '"'V'.LY"''''U 
",r...""".o,.., 0.3 to 1 W / m.K . 

.... '"''-ULV heat capacity for 

S ecific heat 
938 
854 
837 

greatly. Grimshaw (1971), states 
in/ft2/hr,°F (i.e. 0.144 - 1 

Grimshaw (1971) 

IS 

Terada et.aL(1958) 
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investigated the thermal diffusivity of fireclay brick 
pyrophyllite 65%). The diffusivity was 6.1 )~10<7 m2/s at 

fireclay 15%, and 
was identical with that 

the fired product. This value decreased the temperature a mlmmum L7)~10·7 

m2/s at 300-600 Above 600 DC, it increases with the temperature. 

2.9 Pollution from brick making 

AU brick making technologies described above cause environmental pollution in some 
major pollutants being SO" NO" CO, F12' volatile organic compounds (VOC's) 

suspended particulate matter. In addition, firing of bricks uses significant quantities 
carbonaceous fuels, so that greenhouse gas emissions, especially CO2, and resource depletion are 
two related environmental issues for the industry. In the following, concerns over fluorine, 
and emissions are briefly reviewed. 

Fluorine is a pollutant common to all ceramic industries. Fluorine is in as 
fluorides, which may be released into the air during' . is very toxic and can cause 
serious problems for fluorine are, for 

shows emission from brick (Zhang, 1996). 
is the world's producer bricks and a survey in 1990 showed that 1 
tons of fluorine were emitted that year) township and village brick making 
(TVE) and ceramics industries (Zhang, 1996). the US, the regulated 
emissions, and brick making industries in the US installed limestone fluorine 
scrubbers. 

Total fluorine release 
Gaseous fluorine 286 

371-705 
196-376 

million 

The rate of rdense refers to the nuoriJ .. , (in tt'f!11S of Iluorillt.') f\.·li';iSt'd during hri(k firing;is;t pl.'ret'mage of total tluoridl' (ill terms of 

FiuQritll') i.:ontaincd tn the 

Fluorine is mOf;.' dClrimcrHill (especially hydrogt.·J1 l1uoriJ,:) 

Zhang (1990) also published 
(Table 2.6). No published figures 
making industry. 

Annular kiln 
Natural drying- solid 

. drying- solid 
Artificial drying- hollow 

kiln 
Artific~al dry!ng - solid bric~s 

SO, emiSSions brick making in 
f~und in South Africa on the brick 

EmlsslOns 
million 

5 

1.6 37 

3.5 80 
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level of pollutants compared to annular Intermittent kilns seem to have 
tunnel kilns. In 1994 China's was to have released about 1.9 million tons 

502 43 million tons factors are adjusted annually depending on the 
estimated coal . 

Emissions due to can be a serious threat to the health of the Some of 
do not have are tall enough to dilute their pollution effectively. For 

particulate matter VOC's can very dangerous in clamp kilns, which are operated 
stack In India, which IS the world's second largest producer of bricks, 

highly polluting ancIent brick making technologies have been banned and new methods are 
. (TERI, 1999). The clamps traditional Bull trench kilns are being replaced by 
more sustainable efficient kilns, called the shaft brick kilns (VSBK). 
Some of are: 

.. savmgs more than 50 % compared to clamps and 30 compared to BTKs. 
quality is than that of clamps. 

.. Only a quarter of the land is required for VBSK than BTKs for same production 
capacity. 

.. electricity required and to 

.. construction cost is reasonably low. 

.. It is i.e. it can worked all year brick kilns are seasonal. 

.. Suitable for' fuel bricks. 

.. Additional to increase production. 

2.10 Summary 

art rather a 
to their different rr ... ,..' ..... '"' 

with certain clays to 
information related to 

Any experiments that would be carried out at any would be done with coal as a reference 
fuel, since most of brick makers Cape Town use coal as a body It has been found 
from case study the waste sludge that, is an optimum amount of fuel can put 
in the before distorted. is an important to note when out 

oil. It also that body are used both in clamp 
This project was proposed the intention of using oil as a 

body in damp only. tunnel kiln had to be approached to see if 
oil could be used as a body fuel in their too (see 5). 

main modes i.e. conduction, and 
"'1-"" .... ,,.1"1 to from the to clay ware by 

heat travels by from brick to brick. Radiative heat 
phase at employed in the firing zone. Very 

to solve/ model heat for a brick kiln system. 
of a clay is dependent on the values the thermal conductivity and 
the clay. Figures' in literature have shown that the specific heat 

same order of magnitude over a wide range whereas the 
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thermal conductivity is much dependent on the porosity, type clay minerals and 
temperature. Therefore, for purposes of the model to presented in chapter 6, and lower 
limit values will be used as estimates. 

It is that volatile organics and particulate matter will the main pollutants from firing 
bricks containing oiL The VOCs could produced from the distillation of used oil from 

Particulate which includes dirt, soot, and liquid droplets, can be 
produced from of heat on clay, combustion and incomplete combustion of the oiL 
Thus, pollutants were to be considered carrying out the test experiments with used 
oiL 



Univ
ers

ity
 of

 C
ap

e T
ow

n

23 

3.Physical and chemical properties of spent oils: 
Thermal and oxidative degradation of hydrocarbon 
mixtures 

3.1 Introduction 

In order to develop insights into processes that happen when a potentially hazardous liquid 
fuel, such as used is incorporated for burning in the body of brick, it is of primary 
. that we should develop an understanding of the nature of this fuel and of 
combustion behaviour. As mentioned in chapter 1, used oil has a higher heating value than coal, 
which is the most common body fuel used by brick in South Africa. Table 3.1 compares 
properties of used oil with those of other virgin fuels and section 3.5 presents the burning 
options of used lubricating oils. 

The toxicity of used oil depends on composition or level of contaminants in the oil. 
concern in this work are heavy metals (e.g. Pb, Cd), poly-

(P AHs) halogenated organic A review available 
of pollutants on because it us an 

we can 
contammation and reduce air pollution 
and spent IS m ""' .... UU'H 

.,""''''''" .... during 
ground 

llJ'--• .:,.~,'vu of the virgin 

Due to the environmental concerns associated with burning used oil, different countries have 
different regulations for the use of used lubricants as fuels. The regulations are discussed in 
sec:uo,n 3.4. One the objectives this work is to show whether the heating value of the oil 

fully or utilized if as a body . . making damp kilns. This 
estimating amount of oil will to provide during 

and the which evaporates damp 
(see 

combustion, cracking of the larger molecules into smaller compounds occurs and under 
certain conditions soot formation can occur. Soot part~des are a threat to plant, animal and 
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human health. The combustion and "~"U'h chemistry of hydrocarbons is discussed in general in 

3.2 Conlposition of lubricants 

Mineral oils are the most commonly are manufactured by fractional 
distillation crude atmospheric the followmg fractions of oil distillate are 
obtained in ascending of boiling in a distillation column: gasoline, kerosene, 

oil, lubricating oil and The non-volatile fractions will at the 
After distillation, the oil fractions of the distillate are 

then subjected to stages of refining and various treatments which result in a variety of 
medical, cosmetic, industrial and automotive oils and lubricants (Stachowiak & Batchelor, 1993). 

major part of mineral oils consists of hydrocarbons with approximately 30 carbon atoms in 
molecule. The structure of each molecule is composed of several aliphatic chains and 

carbon chains bonded together. Almost any combination of cyclic and aliphatic chains 
and a large number of the possible forms of the molecule are present in a . 
sample. 

Table 3.1. Comparison of used oil properties Vs fuels 

Parnmeter 100 % 100 
Used Automotive 
Oil Lubricants 

13.2 
0.99 3.79 

2 -11 
60 37 

38 43000 29000 

Bottom Solids & 11 1.0 
Water 
(Vol %) 2.15 2.75 
Sulphur (wt %) 0.43 0.25 10.5 
Ash (wt 1.01 0.5 
Asemic 5 3 258 
Barium 48 0.5 

3 48 7768 
1850 3 24 

7 1 64 
177 120 14467 
1025 3 71 
240 14 1362 
559 30 
1250 0.3 1.7 

1 225 
58 1 123 

480 
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depending on source crude oil and refining process. 
on chemical forms, sulphur content and viscosity. Oils are 

relative of paraffinic, naphthenic and aromatic 
components present. 

The aromatic oil is present only as a minor 
constituents. subtlety of the 
lubricant is named depending on 
example, a paraffinic oil means that 
paraffinic chains. atoms bonded in a 
then link the 

r r _0_ 
-~--II 

I I - -- tt--e --II H 

-L--1-. H-- _J_ ! ---
:-i~: "" -- I I I 

~-" , 
I I I • • " 

(a) paraffin (b) 

Figure 3.1 mineral 

(c) 

HdULJlICl.1J·,1.,. or paraffinic 
terms is that the 
proportIon. 

atoms are present as 
a more complex 

(d) aromatic 

naphthenic oil has much smaller . chains in each hydrocarbon molecule and most 
carbon is incorporated in cyclic molecules. There is also a limited quantity (about 20 %) of simple 
paraffins present in oiL The presence of one type or the other these molecules determines 
some the physical properties of the lubricants, pour point, viscosity index, 
""."I""A<:'1"" characteristics, etc (Stachowiak Batchelor, 1993). 

3.3 Composition and contaminants of used oil 

lubricating oil is a 
between rubbing 

1993). 

of refined petroleum crude oil that has to reduce 
in the been physically and chemically 

an 
to increase the 

lubricating stock can consist of thousands organIC the 
polynuclear aromatics & 1997). The amount of additives can 
by and constituents as nItrogen, trace 
metals. 

contains to % lube even though it comes from many 
different sources. older figures (Siemon et aI, 1979) are shown in Table 3.2. oil is 
generally regarded as toxic (Hockely & Walters, 1989). The contamination lubricating oil 
occurs at various points during the refining and use of the oil. Some of toxic components are 
found in the crude oil, whilst some are added during the production the oil and some are 
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oil (Beiring, 1993). Aliphatic hydrocarbons are relatively non-
with more than one ring are called polynuclear 

< 
(177-343 
(343-427 
(427-510 deg 

0-10 
7-15 
5-8 
1-3 

Aromatic hydrocarbons, particularly P AHs, are toxic 
potential contaminants in used lubricating oils. These will be .... 1,;)''-1.,1.''''" .... 

In 1 to 

3.3.1 Polynuclear aromatics 

hydrocarbons are in 
oil. compounds, pnmarily 

and mutagens, A review of the available 
that residual virgin oils (No.6 oil) contain higher 

(20 to mg/kg) than waste oils « 50 mg/kg) and, as a result, substitution of waste 
oils for virgin stocks as a could serve to reduce 
Brinkman and Dickson (1995) found 
lubes are despite their sources of origin. concentratIOns 
of 10, 65 for benzo[aJpyrene, benz[a]anthracene pyrene "''''<on",{',"".r", The 

and above ranges by 
to what' and 

Halogenated organics 

Halogenated hydrocarbons found in oil can be produced during normal oil use by the 
reaction between base-stock hydrocarbons and halogenated compounds, mainly inorganic 

from additive packages (McCabe & Newton, 1997). Gear oils usually contain 
which are added to the oils in severe . 

or rf><TPTU'r-:>T 

",IT.r''''''lT combustion systems, with 
most solvents are if 

by distillation (Gulyurthu et. 1996). 
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Pyrene 
Monoaromatic 
Alkyl 

hydrocarbons 
T richloroethanes 
Trichloroethanes 
Perchloroethylene 

Barium 

Aluminium 
Chromium 

are 
source: (McCabe & Newtol1, 

3.3.3 Trace metals 

base stock 

Petroleum 

Additive package 

.... u"'u .... or metal wear 

Contamination from 

0.36-62 
0.87-30 

1.670 

900 

440 

10-20 
630 2500 

4-40 
2-5 

20-60 

27 

The level metal contaminants in waste oils varies from country to country and place to place 
(Rwodzi, 2000). The search done by the author has also shown that different 
different concentrations metals in used lubricating oils for different applications. 
the in Table 3.3 can be different from concentrations obtained elsewhere. 

Trace are introduced into the oil as part of the lubricating package, through contact with 
fuel or wearing metal parts during use. Metals such as lead, zinc, chromium, aluminium, 
and barium are examples of that can be introduced in this manner. this study we are 
concerned about the release of these metals from the burning the oil incorporated in the . 
These can have detrimental effects if they are released into the environment. Lead emissions are 

primary concern because potential health hence need to meet the levels set by 
In a US report 1981) it is that combustion of oil mixtures 

give rise to lead emiSSIOns to 100 % of the lead 
entering the In systems, the retained in the could 
subsequently also during maintenance of the soot blowing is 

amount of lead in used is amount of 
in leaded The amount of to the changes in 

composition of additive packages. concentrations some metals in US have been 
shown in Table 3.3. Figures for trace metals in South African used oils are shown in Table 3.4. 

3.4 Regulation of used oil fuels 

of 
(Rwodzi,2000). 

or federal for used management 
country to country. In the the 
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majority boilers used oil fuels are inefficient uncontrolled systems located in areas of 
high population density (McCabe Newton, 1997). Due to the advancement in design 
materials and automobile engines, combined with widespread use electronic engine 
management systems there has been a significant drop in concentrations metals in used oil 
since 1985. The Federal specifications on used oil fuel in Table 3.5 were in November 
1985. Waste oils meeting may be in boilers of 
regulation, since specifications have to 
Circumstances them should not produce environmental "'TTJ>r"rc 

These are 
that a significant 

3.4. 

specifications are 

composition of 

Ash 
Water 
Sulphur 

Al 
Ar 
Ba 
Bo 
Ca 
Cr 
Co 
Cu 
Fe 
Pb 
Li 
Mg 
Mn 
Mo 
Ni 
P 
Na 
So 
Ti 
V 

Cadmium 
Chromium 
Lead 
PCB's 

found in virgin or levels 
burning & Newton, 1997). Oils 

as hazardous-waste fuel. 

oil from 233 Sarnples in South ( 1998.1999). 

0.76 
6.0 
1.01 

Concentration 
(ppm) 

20 
3 
17 
37 

1413 
4 

0.5 
29 
ISS 

1443 
1 

179 
2 
7 
2 

623 
63 
S 
1 
1 

S 
2 
10 

100 
2 

271. 
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a comparison of and 3.5 the amount 
the US environmental limit, so this oil 

substance in In the US, the burning off-specification 
furnaces (e.g. cement kilns, lime kilns, kilns, phosphate 
furnaces), industrial boilers, utility boilers, and incinerators. 
specification must be . 
blended to meet 

management 
Africa does, 
heavy metals, 
combustion 

3.5 Used oil fuels: Processing technology and 

the It 1S that not all 
burned can follow two routes i.e. they can 
incinerators or they can be reprocessed 
optlOns. 

3.5.1 Burning 

should be employed as 
directly in cement 
then burned. 

ovens, and 
(those burning 

used oil can 
with chlorinated 

biphenyls 

a simple process before further use. 
Water and in a tank 
to 70/80 °C If necessary, 

The wastewater and sediments are 

The processed oil blended into fuel 
fuel oil depends upon meeting a certain 

(usually 0.1 % (CONCA WE 

3.5.2 Burning ""'J .. r'fA processing 

used oil with a demulsifier. Heating the tank 
oil is decanted through a 

before disposal. 

maXimum amount 
"rr'''''t~r range and a 

on)ce:sse:a oil mixed 
on the ash content 

Trail blazer r('\rp<:<:,!,<: transform used oil 
fuel oils. The used oil is 

in chapter 4. It was 
analysis is 

m a process 
light vacuum to 

distillates, vacuum 
vacuum can 
may still remain in 

% on a dry basis. 
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Source: Concawe 

Direct Burning 
Oplions. Untreated 
Used Oil 

Reprocessing 

mild 

severe 

"Collection and disposal of used lubricating ail" 

3.2. Burning lubricating oil 

3.6 Thermal analysis (Background) 

can be to develop an 

Commercial and 
Industrial boilers 

Space Heaters 

Burning in roud stonc plants. 

Burning when blcnded with 
fuel oil 

Va~on process 

Trailblazer process 

pyrolytic of hydrocarbon This section introduces relevant to 

30 

study. Thermal analysis is the measurement of in physical properties ofa substance as a 
function of temperature, whilst the substance is subjected to a controlled temperature 
programme (Brown, 1985). Illustration.!. 1 and.$.2 adapted from Brown, and modified by 
the author lists some of the thermal events, which would occur if a solid or liquid is 
subjected to heat in the of an inert or reactive gas. 
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AS2 ph a~:;e Ira nsiti on 

___ --'J�' A ---- melting ---,...,. vaporisation 

-----------

su bli mati on 

Bs+gases 
gases .--,.. decomposition 

Illustration 3.1. Physical phenomena 

C {
oxidation 

As +Bg ~ s 
tarnishing 

A B Icombustion 
s + ~ gases 

9 l volatilization 

As + gases 1 ~ gases2 heterogeneous catalysis 

As + Bs ~ ABs addition 

ABs + CDs ~ ADs + CBs double decomposition 

Illustration 3.2. Chemical phenomena 

Nomenclature for illustration 3.1 and 3.2 : s = solid, I = liquid, g = gas 

31 

Thermal 

radio lytic 

Thermogravimetric analysis, TGA, is a technique in which the change in mass of a substance is 
measured as a function of temperature while it is subjected to controlled heating (Ali et. aI, 1998). 
DTG is the derivative of the TG curve, and it clearly shows the points at which the main mass 
changes take place. 

Thermogravimetric analysis (TGA) can be used to determine the decomposition temperature for 
lubricants, engine deposits, solid fuels (e.g., coal and coke), intake system deposits, and pure 
compounds. Several authors have done work on the characterization, pyrolyis and oxidation of crude 
and fuel oils using thermogravimetric techniques. Ciajolo and Barbella (1984) studied the pyrolysis and 
oxidation of heavy fuel oil fractions in a thermogravimetric apparatus and described the thermal 
behaviour of the heavy fuel oil in two phases; first a low temperature phase between 100 - 400 °c and 
a high temperature phase between 400- 600°C. In the former simple evaporation of paraffinic and 
aromatic oil components dominates and in the latter asphaltene compounds. Figure 3.3 shows some 
of their results. It can be seen that some prominent peaks on the air run curves are not seen on the 
nitrogen curves. This will also be expected in our used oil samples since the evaporation of the oil is 
expected to differ in the nitrogen and air atmospheres. 
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mass 

were vapourised 
to 600°C. 

Cracking 
curves. They found that 

resins sequentially. 
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3.3 

o 

lem 
OD4m 

'em 

. 
In 

;; 0 .. 04 mg/min 

200 
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AIR 

POL 

400 600 
T °C II 

source: Ciajalo & Barabella {1984} 

PRF: Paraffins ARM: Aromatics 

POL: Polar Compounds AS: Asphalt 

section: volatilisation of a heavy oil In Lower section: oxidation 
profiles a fuel oil and its 
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JOO~~--------------------------~------------------------,-3 
Garza" 

o 

04---~---P-------?--~---T--~--~--~--~~~F---r---~--~-1 o 100 700 

roo~----~--------------------------------------------------~ 
B.Raman 

O~---r---r---r--~---T---T--~---'--~----F---r---T---__ ---F~I 
o zeo 100 400 '00 600 700 

Source: Karacan 1998) 

3.4 curves of crude 
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3.7 Thermal degradation of hydrocarbon mixtures 

Body fuels in brick making as mentioned in chapter 
burned to provide required to raise the 

the up, are 
to date are mainly solid 

starts to at much higher 
It is a mixture of low 

the latter. 
which is' m 

oil would through. addition, the theory presented in this help to identify 
region of particular interest on used distillation curve, during the combustion of used 

oil in the brick. 

of hydrocarbons in hydrocarbon mixtures such as fuel 
oils IS very complicated, in an oxidative or pyrolytic environment, due to the 

molecular (Hsu Cummings, 1983). 

3.7.1 Thermal 

heavy hydrocarbons are heated without ignition the phenomenon known as cracking 
occurs. Since there is little oxygen inside the brick, and even in kiln in (see Chapter 5) 
it is important to understand the cr;lcking of hydrocarbons as it will dommate at some point in 
the heat up phase of the . The process involves the decomposition of a hydrocarbon 
molecule into smaller molecules due to high temperatures. Severe thermal cracking is called 
coking because the chemical transformation is pushed to the point where coke is produced 
together with lighter material (T amburrano, 1994). Thermal cracking can divided into two 
types-liquid phase vapor phase. In liquid phase the cracking takes place the oil 
is in the liquid state. In the vapor phase the cracking takes place while the oil is 
completely . The are a little higher in the vapor phase than in the 
liquid phase, 

during the of hydrocarbons are divided into two 
as primary secondary . reactIOn m is one in 

which the parent hydrocarbon is either in equilibrium decomposition products or 
non-reversible fragments, while secondary ",,,,,'V"':> include all which products of a 
primary undergo {Frolich & 

3.7.1.1 Pyrolysis of hydrocarbon mixtures (Gas-oil 

hydrocarbons, cracking is governed the relative stability of the various 
rates equilibrium phenomena (Frolich Fulton, 1938). the 

of hydrocarbons, with the of methane, of them are 
above 200 At the lower up to 300 DC, 

decomposition place. the mcreases 
",..("ruT"" more more unstable exception of 
increases with temperature. Paraffin and polymethylene are 

more stable at lower while are more at higher temperatures. Above 
600 DC no hydrocarbon other than acetylene is thermodynamically stable with to the 
elements (Frolich & Fulton, 1938). 
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workers have published work on the 
cases there evidence. 
predicted the conversion 
no significant amount of 
temperatures . 200 {Domine et.al., 
significant evidence in-reservoir oil in a deep 
where the temperatures were in the range 174 to 195 
could have overestimated the rate of evolution crude 
alkane on a study a Cameroon and Oil, .• UH~"'\',U 
sign of thermal alteration, having subjected to 
millions 

The concluded 

Domine et. (1998) proposed a 
stoichiometry takes into account 
Their were similar to when using a radical 

tens 

In 

mechanism. 
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model showed that hydrocarbons in crude oils are stable at least up to 180 AT °Csome 
cracking maybe observed, not complete from oil to dry gas. 

At temperatures employed during cracking, in crude oil refining, decomposition of 
hydrocarbons is essentially an irreversible process, but the reactions involving liberation of 
hydrogen by simple dehydrogenation are reversible. While free relationships determine 
whether a certain type of reaction is those that during the 

a complex mixture of are reaction rates (Frolich 
Fulton, 1938). Frolich & Fulton (1938) in 400 to 600 
(covering most commercial liquid vapour phase of 
hydrocarbons be listed as follows in order of increasing 
on compounds of equal weight. 

1) Paraffins (chains) 
2) 
3) Diolefins 
4) Naphthenes (6 carbon nuclear: rings and condensed rings) 
5) Naphthenes (5 carbon nuclear: rings and condensed rings) 
6) Aromatics (rings) 

The of stability above refers strictly to temperature range specified. At higher 
600 to 700°C or even lower, diolefins more than 
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naphthenes. Therefore it is possible by cracking at such high temperatures to convert naphthenes to 
diolefins, which in turn give aromatics by subsequent polymerisation and liberation of hydrogen 
(Frolich & Fulton, 1938). Graphs prepared by Geniesse and Reuter (1932) show that the rates of 
decomposition increase as the molecular weight increases. 

As the temperature increases above 700 °c more or less complete break-down occurs, characterised 
by complete conversion to coke and hydrogen. Acetylene begins to appear at this stage. Coke 
formation is largely a result of progressive cracking, polymerisation, and condensation reactions 
leading through tar to a more and more complex product of decreasing hydrogen content. 

The olefins resulting from the primary reactions, particularly those of higher molecular weight, 
polymerise readily. It is important to note that the unsaturated compounds possess less hydrogen on a 
carbon atom basis than the original hydrocarbons from which they are formed and consequently the 
same holds for the polymerisation product. Similarly, hydrogen and methane are the two primary light 
products produced because that keeps the overall hydrogen to carbon ratio constant. 

On prolonged exposure to increase in temperature the polymerised material undergoes recracking 
with the formation of new unsaturated compounds, which give rise to further polymerisation. 
Progressive reactions of this type, along with condensations of ring compounds, lead to the formation 
of more and more complex compounds of decreasing hydrogen to carbon ratio and with this decrease 
the material becomes more and more refractory, i.e. resistant to further pyrolysis. The final products 
are therefore 

1) Gaseous and low boiling liquid compounds, relatively high in hydrogen. 
2) Liquid reaction products of higher molecular weight, tar, and petroleum coke, possessing a low 

hydrogen to carbon ratio. 

3.7.1 Oxidative degradation of hydrocarbon mixtures 

Both oxidative and pyrolitic degradation of hydrocarbon mixtures are thought to proceed via a free 
radical chain mechanism. The most accepted mechanism at higher temperatures is the reaction 
between the hydroxyl radical and the fuel (Glassman, 1977). 

The initiation step, of course, is the decomposition of the hydrocarbon molecule to give an alkyl 
radical. Other work has suggested that other reactions in addition to the OH attack were important; 
namely in fuel lean combustion: 

RH+O~R+OH (ii) 
and in fuel rich combustion: 

RH + OH ~ R+ H2 (iii) 

A sufficient amount of oxygen suppresses soot formation and carbon luminosity. However, it plays a 
more positive role in causing heat release that promotes pyrolysis. Excess oxygen may reduce carbon 
formation in two ways (Gaydon & Wolfhard, 1979): 

1) It may interfere with the polymerisation process by breaking the reaction chains, providing an 
alternative path to oxygenated products. 

2) It may burn away the carbon particles as soon as they form. 
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the absence oxygen the decomposition is thought to follow a carbon-to-carbon 
scission (Hsu & Cummings, 1983). Hsu and Cummings (1983) reported the results Klaus et. 
al.(1979), on the oxidative degradation of synthetic and petroleum lubricants. The results showed 
that if a mixture hydrocarbon molecules is subjected to oxidizing conditions at high 
temperatures, is a generation of free radicals via either hydro peroxide 
carbon rupture mechanisms. The degradation a molecule by 
decomposition depends on the microenvironment the molecule. The 
normally via the route with a low activation energy. Looking at heats on 
the chemical bonds, oxidation is more than the scission. In the 

of oxygen the molecule oxidize due to the low energy of the If 
environment is oxygen deficient, maybe due to diffusion limitations and is 

kinetic energy (this is expected in a clamp kiln due to the reducing conditions), thermal 
decomposition will occur. 

ny",."":"",,, compliment other. When sufficient free radicals are 
from either cham propagation will proceed. The two main reactH)nS 

the organic species are: 1) decomposition into smaller and 
polymerization into larger molecules. larger hydrocarbons by can also 
be broken down into The oxidation process completes the hydrocarbon 
fragments are completely to form the products of oxidation i.e. carbon dioxide and 
water. For combustion is that there are distinct but coupled zones 
10 combustion (Glassman, 

oxidized to water. 
• Subsequently, the unsaturated compounds are further oxidized to 

Simultaneously hydrogen present and 
• Lastly, the large amounts of carbon monoxide formed are 

and most the heat release from the fuel is obtained. 

3.7.2.1 Soot formation 

There is no universal route soot formation since it depends on the type 
Wolfhard (1979), nY"'''Pf1,rprI 6 routes to the of soot: 

1) via acetylene 
2) Ring to form 
3) Condensation and graphitisation 
4) Nucleation by a small neutral fragment and growth on 
5) Nucleation by ions 
6) Polymerization 

to water. 
to carbon 

flame. Gaydon & 

fragment 

The last two received little support although the reactions are possible. Graham et. al. 
have shown that in the pyrolysis of aromatics there are two routes to soot formation, via 

polycyclic compounds at low temperature and via type fragments at high temperature. 

3.8 Summary 

The lube base stock is the main constituent of lubricating oil, making up about of 
oil. No.6 fuel oil often contains higher levels of PNAs such that the use of used oils as a 
substitute some virgin fuels would not have a . on environment provided 
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the heavy metals are not emitted into environment. In this case the emissions the 
same as ., combustion. South African used lubes exceed the toxic limits in the Federal 
register of EP A and therefore they would be classified as off specification for burning in 
the USA. 

light their higher levels heavy metals it must be seen that no heavy metals are 
into the atmosphere if they are used as fuels. Contamination used oil with organic solvents 
such as glycol and . contribute to used oil volatility. However, these volatiles are readily 
combustible when exposed to a flame. purposes of this project it is worth studying the 
distillation/volatility of the used oil sample to be used, so that the temperature region in which 
most volatiles are released is identified. Most of available evidence shows that the 

of hydrocarbons starts at 200°C. At temperatures above 700 there is complete 
breakdown of hydrocarbons into coke and hydrogen. Since outside of the brick heats up 
much quicker than inside we should expect that most of the oil inside the brick would follow 
the cracking and oxidation as summarised below 

Hydrocarbon mixture 

Decomposition into 
smaller hydrocarbons 

Polymerisation into 
molecules 

I) Thermal decomposition 
2) Oxidative decomposition 
3) Thermal polymerisation 
4) Oxidative 

Illustration 3.3 Hydrocarbon mixture 

While it is almost impossible to tell a for a 
molecule; lubricants, fuel oils, and other hydrocarbon mixtures can be 
according to their tendency to form low molecular weight and higher 
degradation species. In order to understand the oxidative and thermal degradation of our 
sample, the oil was characterised by use of a thermogravimetric method (see chapter 4). The 
evaporation/ distillation curve of used oil would become an important tool when modelling 
evaporation of used oil from inside the brick at a specified heating rate chapter 6). 
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4.Laboratory investigations into the making of bricks 
from a used oil, clay and water mix 

4.1 Introduction 

We have seen in chapter 3 that used lubes consist of: light ends (boiling below 177 0q, heavy ends 
(177-373 Qq, the lube stock (373-427) QC and bright stock (427-510 Qq. If our used oil were to have 
the same composition we would expect to find the whole range of hydrocarbons in our used oils, i.e. 
from straight chain aliphatics to polynuclear aromatics. The lube stock constitutes approximately 60-
70 % of the used oil. Using these figures as background information for the composition of used 
lubes, we would expect most of our oil to evaporate between 180 and 510°C, which includes heavy 
ends and the lube stock. The work presented in section 4.2 is aimed at characterising the spent oil 
used in this work by a thermogravimetric method. 

The data obtained from this section was used to evaluate the applicability of used lubricating oil as a 
body fuel in brick making by identifying the main mass loss region, and the cracking and coking 
region on the used oil distillation curve. The volatility of a fuel is a critical aspect when choosing a 
body fuel in brick making. A fuel which volatilises and escapes un burnt in the early stages of firing is 
no good as a fuel for the high temperature zone required for the sintering and vitrification of the 
bricks, unless all the volatiles are contained in the system and burnt to provide heat. 

Lastly, section 4.5 describes the mixing of clay, spent oil and water, and the extrusion of the mixture 
to produce briquettes, which were then fired in a laboratory furnace. It was not known at this stage 
how the physical and chemical properties of the clay and the oil would allow for a workable mix 
required for the extrusion process nor the response of the resultant brick matrix to the drying and 
firing process. It was envisaged by other brick makers that the resultant brick matrix would not bind 
firmly together and would crumble on extrusion or otherwise crack during the firing process. 

4.2 Materials 

4.2.1 Clay 

The clay used is a typical South African, kaolinitic white clay mined at a quarry next to the brick 
factory. The composition of the clays was obtained from a personal interview with Lamming (2001), 
who did an extensive study on the Killarney clays. He used X-ray diffraction (XRD) for the 
mineralogy and X-ray fluorescence for the chemical composition. A Typical composition-of the 
Killarney white clays is shown in Table 4.1. 
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Table 4.1. Composition of clays at Killarney bricks 

. White Clay component mineralogy (!'/o) Red~la~com~onent mineralo2Y (%)~ 
Free Quartz 73 Free quartz 43 
Kaolinite 24 Kaolinite 49 
minor constituents e.g. 3 mmor e.g. 8 

. smectite, illite, iron oxide, illite, iron 
: etc etc 

Chemical ~~mr rnrnnnc 

°/0 (%) • 
sro;. 79 Si02 58 

AhO, , 9 m:=. 17 
Ti ~. 0.7 

I FelO, 2 fe20' 4.5 
MnO 0 MnO 0.03 
MgO 0.2 MgO 0.2 
CaO 0 CaO 0 
Na20 0 Na10 0 

ffi&= 0.6 Kl0 0.9 
0.Q3 Pl0,; 0.1 

So.l 0 501 0 
NiO 0 NiO 0 
CQO, 0 CnO, 0 
Combined H2O 6.4 Combined H 2O 12.8 
Loss on ignition 3.3 Loss on ignJ.t.ion 6 
source:Lammmg (2001) 

4.2.2 Used Oil 

The used oil used in this experiment was obtained from a used oil collection depot in 
Town. The oil arrives at the depot in tankers with a capacity between 8 000 litres to 9 600 
litres. It is pumped into the 000 litre overnight storage tanks from the trucks. Suspended solid 
particles are removed by 4mm strainers incorporated into the pipeline to the overnight tanks. 
Figure 4.1 shows process route for the oil before its appl ied to its four major industrial uses 
in South Africa (R wodzi 2000): 

.. for subsequent burning in industrial 

.. Reprocessing other uses 

.. Untreated burning in lime plants and in brick and tile kilns 

.. Re-refining 

the tanks denser water settles at the and 
the water at the bottom is drained into settling tank 
occurs. The In which less 

is pumped to holding it is 

to top. Once full, 
density separation 

water incorporated in the oil 

oil recovered from the settling tank is added to these tanks. The 
experiment was taken straight from the holding tanks as shown in 
treatment or further physical separation was used. 

I 
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Used oil 
nom tanker 

4.3 Methods 

, Settling tank 
Density 
separation 

Wal~r to municipal 
sewers 

Used oil process at a 

main tasks were performed prior to carrying out the 
were: characterisation used oil by a thermogravimetric 
experiments. These are described in the sub-sections 

4.3.1 Characterisation Used oil 

thermogravimetric method was used to 
Analyser the analysis consists of 

1) 
2) 
3) 

depot in 

42 

1----')0-. Delivery to 
commercial 
buyers 

Town. 

at the brick factory, 
laboratory extrusion 

TG/DT A unit consists of a thermocouple hang balance with two platinum 
one for the reference sample and the other for test sample. system is in 

4.2. A Pascal computer program, 12, linked to the thermal analyser controls 
gas flows and stores all the temperature readings from the thermocouple. program is used 
together with a PC card (analogue to digital 12 bit) and a serial interface (RS 232). 
The Stanton Redcroft furnace and balance controllers send analogue signals (-5 to + 5 Volts), 
which correspond to furnace temperature (T), mass loss (TG), derivative mass loss (DTG) 

to the card. These are transformed into 12 digital values and stored with In 

a 
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780 manual) 

system was calibrated for temperature readings using calcium 
monohydrate. The was calibrated using alumina to obtain a flat TG and 

flow of 30 lit/min and mg of used oil were used for each of the test runs. The 
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curves were obtained at a heating rate of 10 DC/min up to 500 The same gas flow, sample 
mass and heating conditions were used when the experiment was carried out in an air 
atmosphere. Both experiments were done twice for reproducibility. 

The metallic composition of the oil was determined using Induced Coupled Plasma analysis (ICP) 
appendix 4B) at Wearcheck . The composition of oil is shown in Table 4.2. 

Table 4.2. Composition of spent oil used as body fuel 

Element Concel1 trati()n (ppm) i:lement Concentration (ppm) 

Fe 63 Ph 1565 

Cr 3 Ag 0.5 
I 

Ni 1 sb 2 

Mo 18 Mg 155 

Co 1 C;l 1247 

V 1 Zn 656 

Mn 5 P 632 

Ti 26 5 7987 

AI I 13 Na 36 

Cu 20 H2O 3 

So 4 

I 

i 
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4.3.2 Laboratory extrusion experiments 

Briquettes consisting of a mix of used oil, clay and water were made in the laboratory to test the 
quality of the bricks produced. The amount of used oil mixed with clay was equivalent in energy 
to the amount of coal used as body fuel by local brick makers. Brick makers approached by the 
author use an average of between 4.5 % to 10 % coal by mass depending on the quality of coal 
received from their suppliers. One of the biggest brick makers in the Western Cape uses a coal 
with an average heating value of 24 MJ /kg and about 4.5 % coal by mass as body fuel. The 
author chose to work with these values by observing the quality of bricks produced by the brick 
maker. The factory produces face brick, paving bricks and commons from these coal 
specifications (see appendix 3A & 5A). 

Norton (1999) coIJated analysis of 233 samples of spent lubricating oil in South Africa and found 
an average heating value of 38 MJ /kg. For the trial experiments 5%, 6 %, 10 % and 12 % coal 
energy equivalent (CEE) amount of used oil was mixed with clay obtained from the brick factory. 
Two types of clay were used i.e. the red burning clays and the white burning clays. The difference 
between the two is that the white burning clays have less iron than the red burning clays (see 
chapter 5 for the iron content of the two clays). 

Four kilograms of clay were used for each run. A Hombart, model A120 mixer shown in figA.5 
was used for the mixing process. It took approximately 30 seconds to obtain a uniform mix of oil 
and clay. The mixer was run at an average speed of 70 revs/min to avoid spiIJage of reagents 
during the run. Water was slowly introduced into the mixing bowel using a 2 litre measuring 
cylinder (see FigA.3) until a uniform consistency, suitable for the extrusion process, was obtained. 

Flgure.4.3 A Hombart model A 120 mixer 

The CEE amount of used oil per brick was calculated as folJows: 

Average mass of brick with coal: 3.5 kg 
Coal content of brick with coal: 5% on a dry basis 
Amount of coal used for 5 % coal brick: 0.175 kg 
Enthalpy content: 0.175* 24 = 4.2 MJ /brick = enthalpy required for brick with oil 
Amount of oil required = 4.2/38 = 0.11 kg/brick 
Oil required/kg clay = 0.11/3.5 = 0.0316 kg oil/kg clay 
Oil added for 4 kg of clay = 0.126 kg 
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Water added = 1000ml == 1 kg 

The same procedure was used for 6,10 and 12 % CEE amount of used oil. For comparison a 
batch of bricks containing water and clay only were made alongside the fuelled bricks. 

The water, clay and used oil mix was extruded under pressure to produce briquettes measuring 
about 3*3* 12 cm. The Rawdon laboratory brick extruder is shown in Fig. 4.4. The extruder 
operates at a vacuum pressure up to 30 in.Hg. (101.6 kPa). The vacuum is generated by a 3 phase, 
BS 2613 A.c. motor running at 950 revs/min. In this experiment the pressure was kept between 
20-25 in.Hg. (i.e. 68 - 85 Kpa). The mix of used oil, clay and water is made into a sausage like 
mould and introduced into the m2.chine through the feedhole. It is then pushed by the helical 
motion of the screw feeder.l through small holes of about 4mm diameter. The vacuum is applied 
to the pressure chamber where all the excess water in the mix is sucked out, and a much more 
compact structure is formed at this stage. The mix is again pushed under pressure by the helical 
motion of screw feeder.2 through an opening 3*3cm to produce a continuous square mould of 
clay. The brick mould was cut by a sharp edge knife, to produce briquettes of approximately 12 
cm in length. The briquettes were dried in an oven at 100 °C for 24 hours before firing in a 
laboratory electric furnace at temperatures up to 1 200 Uc. Some of the fired briquettes produced 
are shown in Figure 4.5. 

Screw feeder.2 

Outlet 

briquettes 

Pressure 
chamber 

Screw feeder.1 

Figure. 4.4 Laboratory extruder 
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Figure 4.5 Extruded and fired briquettes 

4.4 Results 

The results obtained from the thermo gravimetric experiments are shown in Fig. 4.6 through 4.8. 
Figure 4.6 shows the average of two runs for the TGA when the used oil was pyrolysed in a 
nitrogen atmosphere; this is superimposed on the average of two oxidative degradation curves. 
The oxidative curve is slightly higher than the nitrogen curve from as low as 50°C up to about 
430°C where it coincides with the nitrogen curve. The oxidation curve levels off just 2 °c below 
the pyrolysis curve at 445°C. The pyrolysis curve goes up a bit higher to 447 Dc. Common to all 4 
runs is that less than 2 % of the oil evaporates below 100°C and about 83 % evaporates up to 

about 450 Dc. 

Fig 4.7 and 4.8 show the main mass loss regions of the oil in the inert and oxidative atmosphere 
respectively. Two main mass loss regions were identified in the nitrogen atmosphere. The region 
up to 250 DC is associated with the evaporation of water and light to meclium weight molecular 
hydrocarbons. This includes small straight chain aliphatics and low boiling aromatics. There is 
one major peak in this region at 147°C and two small peaks at 177°C and 195 Dc. The region 
above 250 °c is associated with a rapid mass loss as shown by the derivative curve. Kok and 
Karacan (1998) associated the steep slope of a DTG curve with cracking and coking, which 
results in rapid mass loss (see Fig.3.3). A similar DTG curve is obtained on the oxidative curve 
except that the in the oxidative atmosphere there are no two minor peaks in the region below 250 
(Jc. There is only one major peak at 142 uc. This peak occurs slightly earlier in the oxidative 
environment than in the inert atmosphere. The region below 250°C can be called the low 
temperature oxidation region (L TO) while that above 250°C can be termed the higher 
temperature oxidation region (HTO). Kok et al (1998), Karacan & Kok (1998) and Kok (1993) 
showed the evidence of the occurrence of the LTO and HTO region in hydrocarbon mixtures. 
Kok (1998) stated that the LTO region is associated with heterogeneous reactions between 
oxygen and the liquid fuel, where the side chains of the heavy compounds are split (visbreaking) 
leacling to the formation of partially oxygenated compounds such as aldehydes, ketons and 
alcohols. Accorcling to results published by Siemon et al (1979) (see chapter 3), the HTO region 
would be thought to include the cracking and oxidation of the lube stock, which consists of 
higher boiling aliphatics and aromatics. Ciajolo and Barbella (1984) showed evidence of the 
oxidation of low boiling aromatics and paraffins in the LTO region and that higher boiling 
compounds of the latter and the former oxidise and crack in the HTO region (see fig 3.2) A black 
residue of approximately 17 % by mass is left in the pan, both in the inert and oxidative 
atmosphere. 
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Later in this thesis a model will be presented to aid in the estimation of mass loss of used 
lubricating oil from inside a brick. Therefore, the evaporation curve above had to be presented in 
a mathematical form. The evaporation curve above was divided into 5 temperature regions 
starring from 60 eC, and each region was modelled by a best-fit parabolic equation as shown in 
Table 4.3. The last region is a straight line. 

Table 4.3 . Equalions for the evaporation of used lubricating oil 
Range (0C) Equation 

60-138 0 .0003T~-0 . 031 T + 1.021 
Li9-154 -0 .0016T!+0.6272T +5S.002 
155-260 O.OOOOST! + 0.040ST-3.S646 
261-3S9 0.00 17T~-0.8S2T + 118.43 
360-446 0.0009T"-0.OS88T-62 .011 
447-S00 O.OOO4T + 82.2 
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figure 4.6 TG curves for a South African llsed oil in N~ and Air 
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4.5 Discussion 

The results obtained here answered one of the main questions in this work concerning the 
evaporation of used lubricants. Up to ten percent of the oil, which constitutes water and light 
ends evaporates at temperatures below 250°C. Seventy percent of the oil evaporates at 
temperatures between 250 °c and 450°C. Eighty three percent of the total oil evaporates up to 
about 450°C. 

It is seen in Figure 4.6 that the oxidative curve is above the nitrogen curve for most of the part of 
the evaporation region. From the literature in Chapter 3, we can explain this as follows: The 
oxidation process has a lower activation energy requirement than pyrolysis, therefore, oxidation 
accelerates the decomposition process. Hsu and Cummings (1983) obtained similar results for the 
decomposition of lubricating oils in an inert and oxidative atmosphere, and they explained it in 
the same way. They went on further to suggest that the oxygen molecules break up the organic 
molecules into smaller molecules with low boiling temperatures. On our curves the rate of 
oxidative degradation slows down at temperatures above 400°C before it almost joins the 
evaporative curve at about 430°C. Hsu and Cummings (1983) interpret the slow down as 
follows: Higher molecular weight products are formed as the reaction proceeds and the rate of 
weight loss decreases. Oxidative polymerisation accelerates the process over thermal degradation. 
The two curves coincide again when the higher molecular weight products are oxidised. 

Figure 4.8 shows that the two minor peaks at 177°C and 195 °c in the nitrogen atmosphere 
disappear in the oxidative atmosphere. This can be explained as follows: The molecules 
evaporating at those temperatures are attacked and broken down by the oxygen and do not 
appear on the oxidative thermogram. Hsu and Cummings (1983), ascribe the difference between 
the oxidative mass loss and evaporation to: 

• Oxidative influence on used oil decomposition or oxidative volatility 
• Oxidative influence on polymerisation or tendency of the oil to form higher molecular 

weight products under oxidising conditions. 

If the tendency to form high molecular weight hydrocarbons is high, the oxidative curve will go 
below the evaporation curve, before it levels off. This was not observed here. In an oxidative 
atmosphere the consumption of the oil starts to occur at a slightly lower temperature than in the 
inert atmosphere. In chapter 3 we learnt that all hydrocarbons with the exception of methane are 
very unstable at temperatures above 200°C, and that at temperatures above 300 °c all 
hydrocarbons would start to undergo polymerisation and cracking reactions. The N z and air run 
TG/DTG curves show that most of the cracking occurs at temperatures above 250 °C.The black 
coke is formed due to the deposition of decreasing hydrogen fragments from the cracking 
reactions. The black residue is expected to burn at much higher temperatures in an oxygen 
atmosphere. This was evidenced by the absence of black spots on bricks that were fired at 
temperatures up to 1 200°C in laboratory furnace (see Fig 4.5). 

From the disscussion above we would expect the following to occur in our used oil body fuelled 
bricks: 

• The L TO occurs at temperatures below 250°C. The reactions might go a bit faster or 
slower depending on the heating rate of the brick. The partially oxygenated compounds 
produced in the L TO can burn to form the end products of oxidation if there is enough 
oxygen and a flame, thereby providing more heat for firing the bricks in the early heat up 
phase. 

• There will be formation of coke in the brick due to the reactions in the HTO region. 
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• The coke formed will be expected to burn and provide heat at higher temperatures to 
provide the heat required for the sintering and vitrification of the bricks. 

The shape of the evaporation curves above could possibly be changed by the catalytic activity of 
the clay. However, the catalytic activity of natural clays is very small (Sandeep and Sharma, 1996). 
Sandeep and Sharma (1996) described the use of acidified clays in alkylation, dimerization, 
oligomerization and condensation reactions of hydrocarbons. They also reported the acceleration 
of cracking reactions of heavy oils from the addition of grains of kaolin clays, silica, and alumina 
or mixed metal oxides. Schaffie and Ranjbar (2000) found that clay minerals and derivatives of 
heavy metals accelerate the formation of resins from lighter hydrocarbons and their 
polymerisation into higher fractions. We can see that different workers have come up with 
different evidence on this effect. However, work on the catalytic effect of the clays used in these 
experiments is beyond the scope of this study. 

For the extrusion experiments it was found that at 12 % CEE amount of oil used, the bricks had 
a much lower green strength such that the bricks were not strong enough for the handling 
required during transportation to the dryer and the firing kiln i.e. the bricks would break up 
easily. However, the bricks obtained for an oil content of 5,6 and 10 % CEE had a stronger green 
strength. Their fired appearance was comparable to those of bricks obtained from industry. In 
the brick industry the green strength is not usually measured, it is tested by inspection and then a 
decision is made whether it will withstand the operating conditions at a brick plant. Here the 
same approach was used and it was decided that the 12 % CEE bricks were not strong enough. 
Compressive strength tests could have been done to support this argument. However, the tests 
were not done because the qualitative tests that were done were enough to convince any brick 
maker that the bricks were strong enough. The evidence obtained in the above experiments was 
enough to initiate a plant trial run of a small batch of normal sized bricks. 

4.6 Conclusions 

The following conclusions can be made from the experiments done: 

• Used oil, clay and water can be mixed to form an extrudable mixture at 5,6,10 % CEE, 
for a coal with a heating value of 24 MJ/kg. 

• Used oils can be characterized using thermo gravimetric methods to interpret their 
oxidative and pyrolitic behaviour. 

• Hydrocarbons in used oil are very stable at temperatures below 100°C. Less than 2 % of 
the oil evaporates at temperatures below 100 Dc. About 83 % of the oil evaporates at 
temperatures up to 450 Dc. 

• Two main mass loss regions on the used oil evaporation curve have been identified, the 
LTO (below 250°C) and HTO (above 250°C). 

• The L TO region consists of the evaporation and oxidation of low boiling aromatics and 
paraffins. The HTO region includes the oxidation and cracking of the heavier aromatics 
and aliphatics. 

• The coke formed during the HTO reaction is expected to burn and provide heat during 
the higher temperature phase of the brick firing process, as evidenced by the absence of 
coke on the bricks fired in the laboratory. 

• The bricks produced are qualitatively similar to the bricks fired in industry. They have a 
different appearance to the bricks made when coal is used as body fuel in that they do not 
have the black spots that are found when coal is used. Colour and appearance of bricks is 
important for the classification of bricks. 
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S.The Plant Trial 

The previous chapter showed that South African used oil distils in the region up to about 450 °C 
when heated in an inert or an oxidative atmosphere, and it was proven that a mixture of used oil, 
clay and water could be extruded under pressure to produce green bricks for drying and firing. In 
order to address the question concerning the distillation of oil in the brick, the contribution of 
the oil to the heat load in a clamp and the environmental concerns of this process, a plant trial 
was run. 

This chapter describes the method used to commission the plant trial. The chapter consists of 
two main sections. The first one describes the method, and gives the baseline measurements that 
were obtained w hen coal was used as a body fuel. These are described in section 5.1 and section 
5.2 respectively. The results from the coal experiments are used to explain the heating rates that 
are obtained in the coal fired clamp kiln. These results are important in the second part of rhe 
chapter, in which they are compared with the results obtained from the used oil trial experiment. 
The trial with used oil is described in sections 5.3 through to 5.5. 

S.l Selection of company for experiments 

Two tunnel kiln operators in Cape Town were approached with the proposal for the utilization 
of used oil as a body fuel in brick making. The two factories did not show interest for two 
reasons: 1) they do not put fuel inside their bricks; 2) the operators thought that major problems 
could be encountered during the extrusion process. Experiments done in the laboratory had 
revealed that about 83 % of the oil evaporates at temperatures below 450 °C. This result meant 
that the use of spent lubes as a body fuel would be limited to certain brick making technologies. 
The counter current heat recovery systems employed in tunnel kilns would suggest that the oil 
would evaporate in pre-heating sections and be blown out of the system with the stack gases. 
This would lead to hazardous volatile organic compounds (VOCs) being emitted into the 
atmosphere. In the more traditional clamp kilns, on the other hand, it is expected that mo.sr of 
the used oil would be combusted due to the movement of the flame front and the temperature 
history, which the bricks undergo. Therefore, this study focused more on carrying out test runs 
on clamp kilns. Of the two clamp kiln operators that were approached, (see chapter 1) the chosen 
one was selected because full-scale temperature measurements had been done at the factory 
before, and the factory was better equipped to support the field work. 
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5.2 Base line measurements 

The base-line temperature measurements at the plant were done for the following reasons: 

1) to develop an understanding of the temperature history which the bricks undergo during firing 
in a clamp kiln. 

2) To evaluate from the above point/study, the potential of used oil as a body fuel in brick 
making. 

5.2.1 Plant layout and procedure 

K-type thermocouples (USP1L-KSAU) enclosed in ceramic beads were used for temperature 
measurement. The thermocouples were 9.5 mm in diameter and 2.5 m long. They consists of a 
chromel/ alumel thermocouple junction, which produces a voltage proportional to the temperature 
difference between the 2 metals. They were enclosed in stainless steel (316) (1/2in schedule 40) pipes 
used as thermocouple pockets, to reduce the attack from sulphuric acid and other corrosive gases that 
could be produced from the burning coal and clay. The ends of the stainless steel pockets were left 
open to ensure quick response of the thermocouples to changes in temperature. These thermocouples 
can measure temperatures up to 1300 °c at the most before they start to melt. The selection of these 
thermocouples was done based on the previous experiments done at the plant, which showed 
maximum temperatures of up to 1 250°C in the clamp kilns. The thermocouples were connected with 
K-type thermocouple cables (USTC-KSAG stainless steel). 

The clamp is 90m long, 4.5m high and the base is 15m wide. There are five clamps each holding about 
3 million bricks at the plant. The bricks are packed onto pallets each measuring OS:·1.39':-2.32m . Three 
rows of pallets each 1.39 m high are stacked on top of each other. The first two rows above the base 
fuel consist of 6 pallets and the top one had 5 pallets across the width of the clamp. The 
thermocouples were placed on top of each row one above the other and numbered TO, Tl and T2. 
Figure 5.1 shows the front view of the clamp and Figure 5.2 shows the arrangement of the base fuel. 
The three positions for each thermocouple, on the side of the clamp, were chosen so as to get 
technically interpretable temperatu re distribution for the kiln . 

Due to the fuel packed on the side of the clamp and the inclination of the fuel packing, the 2.5m long 
thermocouples extended 1.35, 1.92 and 1.40 m into the kiln (from the bottom probe to the top one 
respectively). Figure 5.3 shows the side view of the arrangement of the temperature probes. 

The specifications of the coal used at the plant are shown in Table 5.1 below. Three types of coal, 
namely carbon fly ash, filter cake and char 2 are mixed in the ratio one to three to give a coal with an 
average heating value of 24 MJ/kg as body fuel. The amount of coal used as body fuel is about 170 
kg/lOOO bricks. This is an energy equivalent of about 4080 MJ. The average fixed carbon content and 
the volatile content of the body fuel is about 54.9 % and 16.8 % respectively. The small nuts are used 
as the base fuel (lighting fuel) and the clamp is ignited in the middle, across the width, using an electric 
coil. The coil is ignited once the fuel packing on the side is complete and at a distance that will not 
expose the fuel packers working up front, to danger. The amount of small nuts used ranges between 
90 to 100 kg/lOOO bricks. From the calorific value given in the Table 5.1 this is an energy equivalent 
of about 2565 - 2850 MJ/l000 bricks. 
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The thermocouples were calibrated for temperature readings in the range 0 to 1400 °c using a 
thermocouple calibrator. The milli-voltage from the thermocouples was amplified to between 0 
and 10V in an amplifying circuit. A PC 26 data acquisition card installed in a computer was used 
to record the average voltage from each thermocouple every minute. A turbo pascal program was 
used to convert the voltages into temperature readings and store them in data files. The equations 
used for linearising the voltages from the thermocouples are shown in Appendix 2A. The 
temperature-recording program was switched on at the time of ignition. 
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Table 5.1. Coal used at the brick making company 

oal Type Calorifi c Inhere nt Ash Volatile ' Fixed Su lfur Ue 
value moi sture (wt%) (wt%) carbon (wt%) 

(MJ/kg) (wt%) 

Peas 29.4 2.9 10.8 28.2 58.1 0 .4 GenerJting 
drying ~ ir 

Sma ll nuts 28.5 2.8 12.7 15 .3 59.2 0 .4 Lighting 

HAR 2 27.9 2.6 12.2 23.0 62.2 0 .6 M ixed for 
body fllel 

Filte r Cake 24.0 4.8 I .0 23.6 53.6 0 .6 Mixed for 
body fu el 

arbon Fly 18.0 3.0 44 .8 3.8 48.4 0.1 Mixed for 

Ash 
body fuel 

Figure 5.3 Arrangement of temperature probes 

5.2.2 Results and discussion for the coal experiments 

Figures 5.4 and 5.5 show that the temperatures start to rise steeply between the 4'h and 5th day after 
ignition, with the bottom probe rising much faster than the top two. The top probe, T2, warms up 
earlier but is soon overtaken by the temperature of the bottom probes. Experiments done later, see 
section 5.3, show that the heat front movement is as shown in Figure 5.6. Probes inserted in the top
middle section of the clamp got to the top temperatures much earlier than those on the sides (see Fig 
5.7) . The two dots in Figure 5.6 indicate the heat front coming along the length of the clamp. The top 
bricks go up to much higher temperatures than the bottom bricks. This results in much better burnt 
bricks at the top than at the bottom. The fact that bricks are not burnt to the same temperature gives 
rise to different shades and different quality of bricks in a clamp kiln. 
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Figure. 5.4 Temperature Vs time for a coal fired clamp kiln. Run a. (15.02.01) 
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Figure.5.5 Temperature Vs time for a coal fired clamp kiln. Runb. (6.05.01) 
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First grade bricks are mainly obtained from the higher burnt bricks at the top than at the 
bottom. Over-burning is shown by the presence of distortions in overburnt bricks, and low quality 
bricks, especially in the lower row, evidence under-firing. 
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The highest temperature achieved on the top probes was 1180 0c. All probes stay above 1000 °c for 
about 24 hours, which is more than enough time for all the brick-making sintering and vitrification 
reactions to complete. The top temperature achieved depends on a number of factors. If the same 
type and amount of coal is used, external factors such as the wind pattern and the ambient 
temperature to a lesser extent, can affect the final temperature in different sections of the kiln. 

The bottom two probes maintain an almost constant rate of temperature rise between 100 and 1000 
0c. This is the heat up phase which most of the work in this thesis aims to explain. After 1000 °c the 
heating rate falls significantly until it goes to zero at the top temperature. The slowest rate of 
temperature rise in the heat up phase was 25 °C/hr, recorded by the top probe, and the highest was 80 
°C/hr, recorded from the bottom probe. Figures 5.4 and 5.5 show that just before the top temperature 
is reached, the temperature can fall by a magnitude of up to 200°C, sharply in a short time interval 
and then goes up steadily again. This could be caused by the clamp drawing in more cold air at high 
temperatures to ignite the more resistant carbon at those high temperatures. The temperature is 
thought to go up again when the carbon starts burning. 

It is not surprising that the bottom temperature rises earlier than the others and later gives the lowest 
peak temperature. The simple reason for this is that at the bottom there is straight coal and it should 
burn much quicker than the top parts where the fuel is mixed into clay. Furthermore, from the values 
given in section 5.2.1, the base fuel is about 70 %, at the most, of energy value of the body fuel per 
1000 bricks, so we would expect more fuel to burn for a longer time and possibly achieve higher 
temperatures. Therefore, the top bricks would be expected to achieve higher peak temperatures than 
TO due to the convective heat input into the top layer from the heat load in the bottom layers. 
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Prior to these results, little was known about the burning characteristics of a clamp kiln. The 
heating rates obtained here gave an indication or a guideline of what to expect if an equivalent 
amount of energy in form of used oil is used as a body fuel in the bricks. 

5.3 Used oil trial 

The following objectives were set for the used oil trial: 

• To produce green bricks strong enough to withstand the handling at the plant 

• To compare the heating rate of the coal fired zone to the used oil fuelled zone 

• To determine the strength and quality of the bricks produced 

• To comment on the environmental effects of the process 

5.3.1 Procedure of the plant trial experiment 

The clamp kilns at the experimental site were big i.e. 3 million bricks per clamp. It meant that a 
substantial amount of used oil bricks would be needed to get a clear representation of results 
from the used oil fired bricks. Due to the uncertainties still involved in the combustion of used 
oil we would risk great environmental pollution by burning a full kiln of 3 million bricks 
containing the oil. It was decided to start with a small amount of used oil fuelled bricks; but 
enough to get a clear representation of the combustion process. Thermogravimetric results had 
shown that the bulk of the oil evaporates between 100°C and 450 °C, but the question still yet to 
be answered was whether the oil would volatilise and evaporate into the atmosphere as VOCs or 
whether it would burn. This was the critical factor in deciding on the number of bricks to be 
made for the trial experiment. It was decided to do two runs, each with 10240 bricks fuelled with 
used oil. 

The preparation of the oil has been described in chapter 4. The oil was delivered to the site in a 
tanker. Two tanks certified by the Rose Foundation for holding used oil were used for storing the 
oil. The tanks had a capacity of 1000 and 2000 litres each respectively. The calculated coal 
equivalent amount of used oil intended for use was 2700 litres. The calculations were done based 
on a coal heating value of 24 MJ/kg as explained earlier in chapter 4. The percentage by mass of 
coal used as body fuel at the plant is 4.45 %. Due to inconsistency in the clay flow, the final 
average coal equivalent amount of used oil came out to be 4.7 % by mass coal. This result was 
not bad since it was better to over-fuel the bricks than to under-fuel them. The number of bricks 
intended to be produced initially were 20 480, but 23 680 were produced since 2 900 lit of oil 
were used during the run. The calculations of the amount of oil required, the clay flow rate and 
the number of bricks are shown in Appendix 3B. 

5.3.2 Mixing, extrusion, drying and firing of the used oil bricks 

The mixing section consists of 4 main units, a clay storage tank (Box Feeder: see appendix 3A) 
measuring about 15 m3

, mixer 1, a crushing machine (Refining Roller) and mixer 2. The clay was 
loaded into the storage tank, by front-end loaders and transported to the first mixer via a 
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conveyor belt system, which has an automatic tonnage recorder. The total amount of clay used 
for themixing process was 84 tons of white burning clay, mined at the site. This is the same ,type 
of clay that was used for the laboratory extrusion experiments. The flow of the clay was 
monitored for about 30 minutes until the required flow of approximately 0.5 tons/ min was 
obtained. The clay could not be made to flow at a constant value throughout the course of the 
experiment due to the different texture in which the clay comes from the mine. Therefore, the 
flow was controlled to be within plus minus 0.05 tons/min. 

In the first mixer the clay was mixed with a spray of used oil and water from two separate 
perforated pipes. The pump for the used oil supply was operated at its maximum throughput of 
18 lit/min. The used oil flow rate was used as the basis for calculating the flow of clay. The 
pumping capacity of the pump was determined by running the oil into a 20 litre container 5 times 
and an average of 18 lit/min was obtained. The flow of water was not measured accurately 
because the water tap is controlled by an inspector, who can tell by experience, the amount of 
water required for tempering the mixture. The finer mix of clay, water and used oil was 
transported via conveyor belts to a shade where the mixture was assessed for homogeneity. The 
mixture had the normal used oil smell and looked the same as what was obtained in the 
laboratory. From there the mix flows again on a conveyor belt to the second mixer where a 
further amount of water is added to the required amount for extrusion. The amount of water 
required is again determined by usual inspection. 

The mix was extruded under pressure (note that the pressure is not measured) to produce 23 680 
bricks. The mix comes out of the extruder as a thick continuous slab measuring 222':-106mm. The 
bricks are cut to size using the wire-cut process, producing 210 bricks per minute. The bricks are 
packed manually onto trolleys holding 2 pallets of 640 bricks each. Forklifts carry the trolleys to 
the driers. 

The TGA curves had shown that a negligible amount of used oil distils below 100°C. Therefore, 
it was decided to dry the bricks under conditions in which coal bricks are dried, i.e. 70 - 80°C in 
brick ovens. The bricks were dried for 36 hours to lower down the moisture level to the required 
level of 5 % by mass. There was no noticeable smell of used oil from the drying chambers. We 
cannot say there was no oil evaporating, but it is rather safe to say that the smell was not int:ense 
and it could have been diluted by the smell of the coal gases used in the drying process. 

The bricks were left in the shade in preparation for firing in the same clamp where the initial coal 
experiments were done. The bricks were arranged in the clamp as shown in Figure 5.7. The 
bricks were fired in two batches. The first batch consisting of 10 240 bricks was fired 60 m down 
the 90 m long clamp (Runl) and the second batch was fired 3 m from the head of the same 
clamp (Run2) separating the 2 runs by about 57 m. The movement/speed of the flame front is 
such that run 2 was commissioned one and a half weeks after run 1 was started. The 
thermocouples TO, Tl, up to T5 were defined as follows (see Fig. 5.7): 

TO: bottom probe measuring the temperature due to the base fuel (coal) 

Tl, T2, T3: middle, top and centre probe for the used oil fuelled zone 

T4, T5: centre and middle probe coal fuelled zone 
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T4 and T5 were used as control measurements on the coal side. In each run, 2*8 pallets were 
used for the used oil section, i.e. about half the cross-section of the width of the clamp was made 
up of used oil fuelled bricks and the other half with coal bricks. The thermocouples were inserted 
in the middle of the two columns making up the bricks. Temperature readings were recorded 
manually for this part of the experiment due to equipment failure. They were taken hourly by 
using an MT 635 type K temperature detector. Two stainless steel pipes (316) were inserted for 
gas sampling on each side of the clamp and placed in the same holes created for Tl and'T5 
respectively. The gas sampling point in the kiln was put at the same position as the tip of the 
thermocouple. The 3m long pipes were placed such that about half a meter was sticking outside 
for gas sampling. 

The gas sampling apparatus consisted of a plastic tube tightly fitted to the 21.34 mm (aD) and 
17.12 (ID) pipes. A pump was used to draw the gases at between 0.6 - 0.8 lit/min. A water knock 
out pot was put in the line before the gas-sampling device. A Drager Multiwarn II online gas 
sampler was used. The gases analysed were O 2, CO2 and co. The instrument was set to read in 
the range 0-25 % for O 2, 0-5 % for CO2 and 0-2000 ppm for co. Carbon monoxide 
concentrations were not measured for the coal runs due to sensor failure. Details of operation of 
the machine are in appendix 3C. The gas was sampled for 5 minutes and the average recorded for 
the first minute after the first 90 seconds was used in the analysis of the results. The first 90 
seconds were not considered since that was the time to purge off the gas already in the pipe. 

Front view 

InSl~ating 
Bricks: .5 m 
thick 

Side view 

T1 

TO 

Gas pipe 

Used Oil 
thermo coupl e 

T3 

,~ .. , Used oil 
232 side 

r- lm -+i 

Control 
thermo coupl e 

T4 

1 

Coal side 

Figure.5.7 Set up of used oil bricks in the clamp kiln 
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5.4 Testing for heavy metals in the fired and unfired bricks 

Five bricks were taken at random from the unfired bricks, and five were taken from different 
sections of the fired bricks. The ones from the fired section were taken from the top, side -
middle, inner middle, side bottom and inner bottom sections of the burned clamp. The bricks 
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were first crushed with a hammer on a clean steel surface into particles of approximately 1cm 
diameter and then further crushed and milled using a BICO pulveriser (Type UA, MFD BICO 
inc.) into powder. Dried clay was also pulverised in the same manner. The samples were taken for 
analysis of the metals, Pb, Zn, Fe, Mn and Mg after acid digestion, using inductive coupled 
plasma-mass spectrometry (ICP-MS). ICP-MS is a precise and accurate multi-element analytical 
technique for the determination of trace elements « 0.1 wt. %) in liquid and solid samples. 
Details of further sample preparation and analytical techniques are in Appendix 4A. 

5.5 Results 
5.5.1 Mixing, extrusion, drying and firing 

No prqblems were experienced during the mixing of used oil, clay and water. The clay was t~en 
through the same process that the coal-fired bricks would undergo. The extrusion was done at 
the same pressure used for the coal-fired bricks. As explained earlier, in chapter 4, it is common 
practice by brick makers to measure qualitatively the strength of the green bricks. The strength of 
the green bricks was assessed and the operator satisfied that they could be transported to the 
driers by the forklifts. There was no change in the smell of gases from the driers when the used 
oil bricks were dried (see section 5.3.2). In both runs, there was a mild smell of the burning oil 
within a distance of about 1 m from the clamp in the used oil zone, during the firing process. A 
red-hot flame could be seen at temperatures above 600 DC in the used oil zone. The temperature 
profiles obtained in different firing zones are described below. 

5.5.2 Temperature profiles 

Figure 5.8 and 5.9 show the temperature profiles that were obtained for the used oil and the coal 
fired sections for run 1 and run2 respectively. The highest average heating rate throughout the 
burning period was obtained at TO. TO maintains a slope of approximately 77 DC/min, averaged 
between 100 and 1150 Dc. It reaches a top temperature of 1 200 Dc. Although the cooling curves 
are not important in this discussion, it is worth noting that TO cools quicker than all the other 
thermocouples. 

The temperatures to be compared here are T1 and T5, and then T3 and T4 as defined in section 
5.3.2. We will start by describing the behaviour of Tl and T5. The temperature profiles for run 1 
show a relatively steep heating rate up to about 600 DC, averaging 60 DC/hr for the coal curve and 
38 DC/hr for the used oil curve. From 600 DC to 900 DC both curves maintain an almost similar 
slope. The used oil curve slows down at 1000 DC and goes to a high of 1026 DC after which it 
starts to decrease. The coal curve maintains the same slope up to about 1000 Dc. It reaches a high 
of 1074 DC, which is 48 DC higher than the used oil maximum. 

T3 exhibits the lowest heating rate of approximately 25 DC/hr in the range from 100 DC to 900 Dc. 
Its highest temperature is 1056 Dc. T4 has an almost constant slope between 300 and 70G ?C, 
which is higher than T3, after which it increases for a short interval up to 1000 Dc. It reaches a 
high of 1200 DC, which is 144 DC higher than T3. T2 has an approximate heating rate of 35 
DC/min in the range 100 DC to 900 DC and a maximum temperature of 1052 Dc. From a 
temperature of 550 DC the wind direction changed from blowing from the used oil side to 
blowing from the coal side. Although it shifted a bit during the rise to 550 DC it was entirely 
blowing against the face of the used oil bricks. This reason could be used as a point to explain 
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why the coal profiles go to much higher temperatures than the used oil curves. 
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Figure.5.S Temperature profiles of used oil combustion and coal combustion as body fuels in a brick firing 
clamp kiln. Run 1 

Fig 5.9 shows the temperature profiles for the same position of probes for experiment 1 and 2. 
For run 2 both curves maintain an almost average slope up to 1000 °c, with the coal curve going 
up to 1159 DC and the used oil curve going up to 1077 DC. The main difference between run 1 
and run 2 is that in run 2 the slope does not have a sharp change in between, instead it starts 
falling when it gets almost to the top. This shows that for the different runs we did not get the 
same temperature progression for the same position of bricks, and curves from the same run had 
a similar shape for the same positions, i.e. on the used oil side and coal side. Another important 
observation made here was that the wind direction never blew from the used oil side for the 
whole experiment. It was blowing from the coal side for most of the experiment and the only 
time it changed was when the gases were going vertically upwards at temperatures between 800 
DC and 900 DC. There was no marked change in the behaviour of the temperature profile during 
that period. The main significant difference on run 2 was that the coal curve went higher than the 
used oil curve by about 70 Dc. 

Fig 5.10 shows the temperatures of the top centre probes for both experiments, i.e. T3 and T4. 
One important point that can be made is that the top probes generally go to much higher 
temperatures than the middle probes. Again here the coal temperatures were higher than the used 
oil zone temperatures. In run 2 the used oil temperatures went to 1137 DC and the coal 
temperatures went to 1221 DC. The curves show a similar pattern up to 500 DC where they both 
change slopes to an increasing value. However, the used oil curve decreases slope first at around 
900 DC and the coal curve only starts to decrease at about 1050 Dc. 

The main difference between the results obtained from run1 and run 2 is that the temperatures 
for run 2 are generally higher for both used oil fired and coal fired bricks than in run 1. The 
reason for this could be that run 2 was done about 3m from the head of the clamp whilst run 1 
was about 30 m away from the back end, i.e. about 60 m from the front end. The front end or 
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the back end of a clamp is fired with fuel packed from three sides i.e. the bottom, sides and the 
front. Runl was only fired from the bottom and the sides, since it was in the middle. This shows 
that both the cross-sectional and longitudinal positions of the bricks determine the final firing 
temperature in a clamp kiln. 
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Table 5.2 shows that out of the four comparisons between the used oil temperature probes, the 
used oil heating rate in the low heat up phase (LHP) up to 450 °c was greater than the' coal 
heating rates only once. Generally the coal fired bricks had higher heating rates. The plots of the 
LHP for the two runs are shown in appendix lB. The heating rates lie almost in the same range 
as those obtained for the baseline measurements. 
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5.5.1 Gas concentrations 

.~ 
'§ 
;:: .. 
u 

20 

:5 10 
u 

c5 

* 

T5 (coal) T3 (used oil) T4 (coal) 

80 29 34 

30 25 27 

OL-________ ~~~~~~ __ ------------------~--------~----~ 
o 100 200 400 700 1100 

: --+-- Rlrl2 __ Rtn1 T('C) 

" 

Figure.5.11 O2 concentration Vs temperature for used oil body fuel in a brick firing clamp 

T bl 5 G a e .3 f as compOSitIOn or use d '1 0 1 combustion in a clamp kiln. Run 1 & Run 2 

Run .l Run.l Run .l Run.l Run.2 Run.2 Run .2 Run 2 
T 

O2 cone. C02 cone . CO T O 2 cone. CO2 cone. CO 
oc 

(%) (%) 
,(ppml oc (%) (%) 

(ppm) 

14 20.9 a a 19 20.9 0.5 54 
183 1 above 5 above 2000 130 3.5 above 5 above 2000 
318 0.3 above 5 above 2000 250 0.01 above 5 above 2000 
436 0.1 above 5 above 2000 345 0.2 above 5 above 2000 
592 12.01 above 5 126 461 1.4 above 5 above 2000 
657 13.2 4.007 87 568 5.6 above 5 above 2000 

719 14 3.335 58 599 7.6 above 5 978 
790 14.4 2.213 57 637 8.4 above 5 482 
854 12.8 1.339 47 731 8.7 above 5 154 
922 12.3 0.624 40 851 6.7 above 5 350 
959 0.3 0.19 above 2000 983 5 4.9 450 

, 

986 0.2 0.22 above 2000 1014 6.5 3.8 488 
1020 2.2 0.06 above 2000 1063 7.1 2 above 2000 

above 2000 1075 14.6 1.4 above 2000 
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Figure 5.11 shows the O 2 concentrations V s temperature, whilst Table 5.3 show the O 2, CO2 and 
CO concentrations as a function of temperature for run 1 and run 2 in the used oil zone. It can 
be seen in Figure 5.11 that the O 2 concentration falls to zero for both runs mainly in the region 
between 100 DC and 500 Dc. The O 2 concentration for run 2 is lower than run1 in the region after 
500 Dc. In Table 5.3 we can see that initially all the gas concentrations are almost at their 
atmospheric compositions. The CO2 concentration was above the detection limit of the 
measuring instrument, i.e. above 5 %, up to 600 DC, whilst for run 2 it was above 5 % up to 850 
Dc. This can explain the lower O 2 levels for run 2 in that region. The relationship between all the 
gases is that low O 2 concentrations are associated with high CO2 and CO concentrations. The 
CO cOJlcentration tends to decrease with decreasing CO2 concentration. However, in both ~ns, 
the CO concentration tends to increase again at very high temperatures after the main heat up 
phase. The second increase in CO concentration is simultaneously accompanied by a decrease in 
O 2 at the high temperatures. It is surprising that this decrease in O 2 does not lead to more CO2 

generation; instead the CO2 concentration continues to fall. Run 1 shows very low O 2 

concentrations in that range suggesting the likelihood of incomplete combustion. Run 2 shows a 
decrease in O 2 but not convincing enough to suggest incomplete combustion, since there is about 
7 and 14 % O 2 at the same time. 
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Figure.5.12 02 concentration vs temperature for coal body fuel in a brick firing clamp kiln 

Fig 5.12 and Table 5.4 show the O 2 and CO2 composition for the coal fired zone during the 
firing process. These results show that the O 2 concentrations are almost zero up to about 650 0c. 
On the other hand the CO2 concentration remains above 5 % up to temperatures of about 1000 
DC for both runs. The CO2 and O 2 concentration measurements were repeatable as shown iuFig 
5.12 and Table 5.4. 

Another observation made was that bricks on the top of the used oil fired section had some 
unburnt black carbon, which was not seen on coal bricks adjacent to it. Despite the improved air 
flow on the top the black carbon was seen after the very high temperatures experienced on the 
top of the clamp see (fig 5.13). This suggests a very stable form of coke obtained from used oil 
pyrolysis. However, this black carbon was not seen on any of the bricks inside the clamp, 
meaning that it was distilled from inside but somehow settled on the top. The reason why it did 
not combust or evaporate at those high temperatures cannot be explained with the current 
results. 
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T hI 4 G a e 5. as cOmpOSltIOn or coa com h ustIon In a clamp kiln. RunI & Run 2 

Run.1 Run.1 Run.1 Run.2 Run.2 Run.2 

T 02 cone. CO2 conc. T 02 conc. C02 conc. 

(0C) (%) (%) °e (%) (%) 

21 20.7 0 22 20.6 0 
51 15.6 1.9 54 12 1.1 

103 0 above 5 % 153 0 above 5 % 
149 0 above 5 % 219 0 above 5 % 
189 0.9 above 5 % 286 2 above 5 % 
273 0 above 5 % 350 2.9 above 5 % 
341 0 above 5 % 410 0 above 5 % 
433 0 above 5 % 482 0 above 5 % 
518 0 above 5 % 600 0 above 5 % 
561 0 above 5 % 751 1.1 above 5 % 
612 0 above 5 % 887 2.3 above 5 % 
720 1.9 above 5 % 990 3.3 above 5 % 
880 3.6 above 5 % 1020 4.9 4.8 
951 5.6 above 5 % 1112 9.7 3.1 

1063 8.7 4.5 1207 15.9 2.3 

Figure.5.13 Bricks on top of used oil and coal section on the clamp kiln 

5.5.2 Brick quality 

A selection of the bricks made in this experiment was taken for compressive and water 
absorption tests, which were done according to SABS (South African Bureau of Standards) 
standards. According to clause 4.4 (a) SABS 227-1986, the average compressive strength of 12 
units shall not be less than 17 MPa and not less than 12.5 MFa for an individual brick. The bricks 
produced were classified into two types: Golden-brown and dark brown. The golden-brown 
bricks were produced from purely white clay and the dark-brown were produced from a spill 
over of red clay that occurred during the mining of the clay. The composition of the red clay and 
white clay is given in Table 5.4. As mentioned earlier in chapter 2, red clays generally have more 
iron than white clays. The compressive strength obtained for the used oil bricks is shown in 
Table 5.5. 
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Ta bl e 5.5 CompressIve an d b water a sorptIOn tests d one on use d '1 I k'l f db' k 01 camp 1 n Ire rIC s 

Brick type Type of compression Compressive strength Water absorption 
test (mass %) 

Golden-brown pressed dry 50.2 13.7 

used oil fired 

Golden-brown pressed wet 38.2 

used oil fired 

Dark-brown pressed dry 
, , 

42.0 11.4 

used oil fired 

Dark-brown pressed wet 33.9 

Used oil fired 

Killarney-white pressed dry 49.6 9.1 
burning: coal fired 

Killarney-red burning pressed dy 41.8 8.1 

Coal fired 

The bricks produced fall under FBA bricks (face bricks asthetics ). These are units that are 
selected or produced for their durability and asthetic effect derived from non-uniformity of size, 
shape, and colour. The compressive strength of the bricks produced meet all the specification 
required by the SABS for commercial purposes (see Appendix 5A for SABS brick specifications). 
Both the compressive strength and the water absorption rates of these bricks lie within the range 
specified by the SABS. However, the water absorption is close to the limit for face bricks, which 
is 15 %. Figure 5.14 shows some of the used oil fired bricks produced. The water absorption 
range for non-facings is 8-18% and 5-15 % for facings. Therefore, these bricks can be used as 
non-facing plaster bricks too depending on the type of job, climate and user's choice. Because red 
burning clays have a much lower sintering and vitrification temperature and a higher thermal 
conductivity than white clays, the dark brown bricks had a lower 24 hour water absorption 
capacity than the goldens. They showed a more compact structure than the white burning bricks. 

The values of compressive strength for the used oil fired bricks are only a little higher than the 
coal fired bricks in both cases. However, the water absorption for the coal bricks is lower than 
the used oil bricks. This is further evidence to show that the higher temperatures experienced on 
the coal side help to give the bricks a low water absorption capacity, which is a desired quality for 
face bricks. Bricks with a low water absorption capacity qualify more to be face brick than those 
with a,higher one. 

The average mass of 20 bricks taken at various points in the kiln is 3.18 kg per brick, which is an 
average mass of 3.18 tons per 1000 bricks. The average mass of bricks produced at the plant is 
3.20 kg. There is only a difference of 0.625 % by mass, so the percentage reduction in weight per 
truckload during transportation is very small. 
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Figure.5.14 U sed oil fired bricks 

5.5.3 Lead tests 

The composition of the used oil was given in Table 4.2 in Chapter 4. The lead concentration of 
this oil is very high such that it would be classified as an off specification used oil for burning, 
according to the EPA (see chapter 3) and in general high levels of Pb in the atmosphere are toxic 
to humans, flora and fauna and marine life. Therefore, a lead mass balance was carried out to 

check the behaviour of this heavy metal in the brick matrix during the firing process. Lead was 
chosen since its concentration in the oil is above the environmental limits. The average 
concentration of lead in the clay and the fired and unfired bricks, chosen as outlined in section 
5.4, is given in Table 5.5. The lead mass balance was done as shown below: 

Average Pb in 4 used oil samples: 1565 ppm 

Average Pb in dry clay: 22.5 ppm 

Total dry clay used: 84 000 kg 

Average Pb in 5 fired brick samples: 76.6 ppm 
Total amount of used oil used: 2900 lit 
Mass of used oil: 0.9 * 900= 2610 kg 
Total mass ofPb in used oil: 0.157 % = 4.08 kg 
Dried weight of green brick: 3.5 kg 
Total number of bricks: 23 680 
Total mass of dry bricks: 23 680 * 3.5 = 82 880 kg 
Total mass ofPb in clay: (22.5/1*106

) * 84000 = 1.89 kg 
Pb in Clay + oil: 5.97 kg 
Percent mass Pb in brick: (5.94/82880)* 100 = o.oon % = n ppm 

The mass balance was done for the Golden brown bricks obtained from the white burning clays. 
These results show that the values measured by ICP are slightly higher than the calculated ones. 
The calculated value of n ppm compares well with the value of 74 ppm for the unfired brick. 
The fired bricks are only a little higher, with a Pb content of 78 ppm, which is about 5 % more 
than the one for the unfired bricks. A t-statistical test done on these results showed that the 
values are the same at 5 % confidence level. The small differences in the values can be attributed 
to sampling and instrument error. These results confirm that the lead is encapsulated in the brick 
matrix during the firing process 



Univ
ers

ity
 of

 C
ap

e T
ow

n

67 

T bl 56 C a e fl fd d fdb'k om positIOn 0 cay, Ire an un Ire flC s 

Element Bricks after firing Bricks before firing White clay Red clay 

Mg (ppm) 1477 1 178 1 165 2247 

Mn (ppm) 204 172 195 373 

Fe (ppm) 16781 15279 14870 42819 

Zn (ppm) 116 110 85 113 

Pb (ppm) 78 74 22 35 

Pb :calculared 
i average (ppm) 72 72 

5.5.4 Discussion 

If we look back at Figure 5.9, we can suggest that the change in the temperature gradient at around 
600°C for, Tl and TS, can be due to fuel getting used up in the early combustion stage and therefore, 
leaving less fuel for combustion up to higher temperatures. The temperature profiles for T4 (top 
probe on coal side) show an increase in slope after 500°C in both runs. This late "kick" (increase in 
heating rate) is not seen on T3 (top probe on used oil side). The increase of the heating rate for T 4 
after 500°C could signify the beginning of the combustion of the fixed carbon in coal. 

One point that can be made for the used oil side is that the temperature might be lower than the coal 
side because 83 % of the used oil evaporates in the range 100 to 450 0c. Another piece of evidence 
here is that the O 2 concentration falls to zero in this temperature range and starts to go up after that. 
It can be mentioned here that the zero percent O 2 concentration meant that there was not enough O 2 

for combustion of all volatiles released in this range. Another important observation made was that 
there was no used oil condensation in the gas sampling apparatus, which would have been expected if 
the oil were to evaporate without burning. It cannot be denied that some of the volatiles from the oil 
burned, just like the coal volatiles released in that range too, as evidenced by the carbon dioxide 
concentrations in Table 5.2. The carbon dioxide gas measurements showed CO2 concentrations above 
5 % by volume in that range. The results from run2 show the same trend except that the CO2 

concentration was above 5 % for temperatures up to 850 °C. 

The oxygen concentration in the coal zone stays at zero at temperatures up to 600 °c and it rises 
slowly up to 1000 DC. This shows that the fixed carbon in the coal continued getting burnt to much 
higher temperatures than in case of used oil where only relatively little carbon is left after the main 
evaporation region between 100 and 450 Dc. Generally it can be stated that coal does not release its 
energy all at once because it has a much higher percentage of fixed carbon (see Table 5.1). Also, coal 
particles burn from the outside inwards, and the larger the particle size associated with coal, against 
the liquid oil, results in a gradual energy release for coal. 

The initial heating rates of the used oil curves are generally lo\ver than those of the coal side in the 
temperature range up 450°C. The fuel used, as body fuel is about 1.5 times the fuel used for 
lighting the clamp per 1000 bricks. Therefore, the combustion of the fuel in the bricks should 
increase the heating rate. Almost equal energy quantities of the Llsed oil and coal were used as 
body fuel. It was thought that if the used oil released most of its energy in the LHP, due to its 
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high volatility, the heat up rate of the of the used oil zone would be accelerated. However, the 
heating rates in Table 5.1 have shown otherwise. 

If more O 2 were to be available in the region where most of the oil evaporated i.e. 100 to 450°C 
then the initial slope of the used oil curve would have been much steeper and a much higher top 
temperature could have been obtained. Similar results for the oxygen concentration were 
obtained when the experiment was repeated again in run 2. We can say that the clamp kiln is 
oxygen deficient in its main heat up phase and there is need to introduce new air channels in the 
base of the clamp if the energy efficiency of the process is to be improved. 

5.6 Conclusions 

The conclusions that can be drawn from this chapter are as follows: 

• A used oil, clay and water mix can be extruded successfully for commercial production of 
used oil body fuelled, clay bricks. 

• Bricks ranging from common bricks to face bricks can be made when used oil is used as a 
body fuel in a brick making clamp kiln operation. 

• Red bricks had lower water absorption than white burning bricks because the red bricks 
were more vitrified than the white bricks, due to their low vitrification temperatures . 

• No noticeable smell of used oil was picked up from the driers at the drying conditions 
employed here. 

• "Oxygen levels fall to zero both in the used oil and the coal zone during the heat'up 
phase, this shows that in general there is oxygen deficiency in the a clamp kiln during the 
main heat up phase. 

• Temperatures for the used oil zone were lower than the coal fired zone. This could be 
due to most of the oil evaporating in the temperature region up to 450°C, in which 
oxygen levels were zero. The CO2 measurements in this region indicated that there was 
combustion occurring, so although some of the oil could have combusted, a substantial 
amount could have evaporated as unburnt volatiles due to lack of oxygen for combustion. 
Therefore, we can suggest that there was little carbon left for the higher temperature 
phase in the used oil zone compared to coal side. The higher temperatures obtained on 
the coal side were probably due to the fact that coal has more fixed carbon (see table 5.1) 
which is available for combustion at higher temperatures. 

• The heating rates in the lower heat up phase up to 450°C, on the used oil side, were 
generally lower than the coal side heating rates and only one out of the four pairs of 
comparisons, was the used oil heating rate slightly higher than the coal heating rate. 

, " 

• At this point we cannot say anything quantitatively about the pollution due to VOCs 
from the com bustion of used oil during the heat up phase i.e. the results are inconclusive 
at this point. 

• Lead present in the used oil remains fixed in the brick. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

69 



Univ
ers

ity
 of

 C
ap

e T
ow

n

70 

6.A model to predict the loss of used oil from a clay 
brick during firing 

6.1 Introduction 

In chapter 5 we found that used oil could be mixed with clay, to form an extrudable mix, which 
could be cut into bricks for drying and firing on a large-scale plant. During the firing process four 
pairs of used oil and coal temperature probes were compared. The results showed that only. one 
used oil measurement had a slightly higher heating rate than the coal measurements, in the main 
evaporation region of the oil, up to 450°C. At the bottom of the clamp the heating rates (HRs) 
due to the coal fuel were between 70 and 80 °C/hr and for the middle and top probes the HRs 
were between 25 and 80 °C/hr. This shows that the bricks experience different heating rates 
depending on their position in the clamp. The bottom bricks are generally subjected to high 
heating rates (HHRs). From these results we can approximate that the clamp was operated at 
HRs between 25 and 80 °C/hr. 

The initial HRs in the used oil zone were expected to be higher than the coal heating rates since 
we expected most of the oil to evaporate in the lower heat up phase (LHP). The LHP refers to 
the region up to 450°C. In this chapter we want to justify our expectation that: a substantial 
amount of used oil evaporated in the LHP from the brick, so as to expect a HHR rather than a 
LHR in the LHP. To address the above a model was developed, with the following aims: 

• To find the relationship between the fired clay brick skin temperature and the 
volatilisation of used oil incorporated into the brick as body fuel. 

• To comment on the energy utilisation of the used oil evaporated from the brick 
during the heat up phase by making reference to the relative heating rates obtained on 
the used oil side and coal side during the heat up phase up to 450°C. 

This chapter will present estimates of the used oil lost from the brick at the lower heating rate of 
25 °C/hr and at the higher heating rate of 80 °C/hr, seen on the used oil curves and the bottom 
fuel respectively. The heating value of the oil lost would be calculated and compared to the 
energy required to heat the brick to a skin temperature of 450°C. If most of the evaporated oil 
were to contribute heat for firing the brick, then an increased heating rate would be expected. 
Furthermore (see Chapter 5), the heat load put into the bricks as body fuel is about 1.5 times the 
amount used for lighting up the clamp. Therefore, we should expect an increase in the heating 
rate if most of the oil is to release its energy in the LHP. 
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Most of the data to support this work was obtained on a clamp kiln, but it is of interest to come 
up with a model that can be extended to explain the volatilisation of oil inside the brick in any 
brick firing operation. The use of the model for any practical work must see first that the 
environmental regulations associated with burning used oil in this way are met. Therefore, the 
chapter also addresses the environmental concerns that can be associated with the used oil 
volatilisation and combustion. 

6.2 Development of the model and its principles 

The model was developed with the aid of three experimental techniques described in the 
previous chapters i.e.: 

1) Thermogravimetric analysis 
2) , Online temperature time curves (performed on the brick kiln) 
3) Gas measurements carried out on the kiln 

As explained previously, in chapter 2, there are three modes of heat transfer taking place during 
the firing of bricks in a kiln i.e. conduction, convection and radiation. These heat transfer 
mechanisms will be occurring in the firing schedule, which consists of two main zones: 

1. Load zone, consisting of the ware material or the space occupied by the bricks 
2. The free space, or the space between the bricks. 

Heat comes from both the base fuel in the free space and from the fuel load in the bricks. The 
firing is initiated in the free space. As the clamp heats up, some of the fuel will volatilise (this is 
true for both coal and oil). However, at a brick surface temperature of approximately 200°C 
volatiles leaving the brick will "crack", i.e. pyrolyse (see chapter 3 and 4). The result will be the 
release of (mainly) methane and deposition of carbon inside and outside the brick. However, the 
thermogravimetric work done on the used oil (see Chapter 4) has shown that that 83 % of the oil 
distils at temperatures up to 450°C both in the nitrogen and oxygen atmosphere, after which 
there is still a black deposit of carbon left. In chapter 5 we have seen that the conditions in the 
clamp kiln up to temperatures of ± 500°C are oxygen deficient, carbon dioxide and carbon 
monoxide were released at the same time meaning that combustion and cracking reactions would 
be occurring as well. From the trial we cannot really quantify the amount of oil that was burnt, 
but we can find the least amount of oil that would evaporate from the brick at certain clamp free 
space temperatures, and as a function of the heating rate. From this we can suggest the oxidising 
conditions in which full use of the energy from the used oil can be realised. 

Because the brick does not heat up uniformly some of the oil will be trapped inside the brick at 
lower temperatures. As the heat progresses further into the brick and the temperature continues 
to rise, cracking will take place progressively deeper in the brick. In due course the remaining 
black residue will ignite and then contribute to the heat load. The emitted methane may burn and 
contribute to the external heat flow if there is a flame and sufficient oxygen. 

Depending on the type of clay the bricks would normally need to go up to 1100 °c for partial 
vitrification (see Chapter 2). If the oil would be burnt completely before the temperature gets 
there, a heat supplement might be required as in the case of the sewage sludge (see chapter 2). 
Our results have also shown that up to a 100°C less than 2 % of the oil evaporates. Based on this 
it is assumed that the change to the quantity of the oil between 0 and 100°C is so small such that 
the amount of energy lost in form of hydrocarbons distilling below 100 °c is negligible compared 
to the bulk of the oil that would evaporate between 100°C and 450 Dc. 
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As discussed in chapter 5, temperature measurements were taken on a full-scale coal and used oil 
fired clamp kiln. These experiments were performed to give us an estimate of the brick surface 
temperature and the heating rate when firing in a clamp kiln. The temperatures from these 
profiles were used in the model as an estimate of the brick surface temperature. 

6.3 ~ Method 

To simplify the model, a single clay brick was chosen as a basis for all calculations, instead of 
modelling a section of the clamp kiln. The brick has dimensions Lx, Ly, and Lz as shown below. 

/ / 
t 
Ly Vv ~ 

r- Lx ~I Lz 

Figure.6.1 Model fire clay brick 

The following assumptions were made to simplify the problem: 

1. The model will assume that the two modes of heat transfer, namely convection and 
radiation have already taken place to give a temperature, Ts, on the surface of the brick. 
Therefore, it will neglect the effect of these two processes in the calculation leading to the 
solution. It will be assumed that Ts = measured clamp free space temperature. 

2. The effect of shrinkage, which results in density change, is negligible since most of the 
shrinkage occurs during sintering and vitrification, 900-1100 °c (This problem will be 
evaluated in the temperature range 100-450 DC). 

3. The size of a single brick in a kiln is so small such that all the brick surfaces can be 
assumed to be at the same temperature at any time t. 

4. For purposes of coding the program, the brick was assumed to be at a starting uniform 
temperature of zero degrees Celsius. It was found not to affect our results in any way. 

5. It is assumed that once Ts > 450°C any hydrocarbons leaving the brick would ignite and 
be combusted to CO2 and H 20 at the brick surface. 

Since the purpose of this model is to obtain an estimate of the amount of the oil that would still 
be available for combustion at temperatures greater than 450°C, we would also get an 
approximate value of the amount that evaporated below 450 Dc. Due to the limitations of the 
coding program it was decided to use a one-dimensional model for the estimation. The one
dimensional model gives an underestimate of the used oil evaporated. 

In a one dimensional unsteady state heat conduction problem, the solution is obtained by solving 
the Fourier field equation. It can be written as: 
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where T is the temperature of the brick, t is the time, a is the thermal diffusivity through the 
brick and l is the distance from the surface. The initial and boundary conditions to be satisfied 
here are: 

att = 0 

where To is the initial isothermal brick temperature 

and 

aT =0 
al 

T = Ts 

at the centre line of the brick 

at the surface 

The solution of this differential equation was done by use of a numerical code. The code is 
described briefly in the following section and the complete outline is in Appendix 5B. 

6.3.1 A description of the numerical code 

A typical brick measuring 22.1,10.5,7.4 cm was used. These are the dimensions of the bricks that 
are produced at the factory at which the experiments were carried out. The model begins with a 
brick with a uniform temperature of zero degrees Celsius. Snap shots of the temperature 
behaviour of the brick were taken up to 450°C. The surface temperature of the brick was ramped 
up at 25 °C/hr and 80 °C/hr (forcing functions), which were the lowest and highest heating rates 
obtained during the firing of the bricks (see chapter 5). The model was evaluated by applying the 
one-dimensional equation to each of the 3 axes of the brick independently. 

The length of the axis to be analysed is specified and divided by the number of iterations, which 
the program should calculate for the temperature along the axis i.e. the axis is divided into n 
subdivisions of length dl. The time step in which each temperature profile should be graphed is 
specified. This can be anything from seconds to hours. For most of the plots snap shots of either 
10 or 20 minutes were used depending on the convergence of the program. The Numerical code 
uses the Crank-Nicolson method (fIahn, 1997), which uses a finite difference approximation to 
the right hand side of equation 2.1. The core of the program uses matrices to solve the second 
order differential equation. The matrices have been given the names Ap and Am (see Appendix 
5B for a full description of the numerical code). Two equations have been incorporated into the 
program for ramping up the surface temperature of the brick using the ramping rates specified 
above. 

The program requires the user to input the initial surface temperature and the thermal diffusivity 
of the brick. It then calculates and plots the temperature time curves for each of the calculated 
surface temperatures. The calculations are terminated when the surface temperature reaches 450 
°c, which is the temperature at which black carbon forms from the used lubricating oil. The 
temperature profiles are snapshots of the temperatures inside the brick at time t. 
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6.3.2 Calculation of thermal diffusivity 

The thermal diffusivity is given by the formula: 
k 

a=-
pCp 

(2 .2) 

The values of thermal conductivity used were those suggested by Thoerner (2001) (see 
Chapter 2). The thermal conductivity for building brick clays was said to vary between 0.3 to 
1 W /m.K. The specific heat capacity used was the average of the values at 22-98 °c and 650 
°c as given in Table 2.4. The average value is 896 Jlkg.K. The apparent density of an average 
of 10 bricks as determined in the laboratory was used. The value found was 1856 kg/m'. 
Two values of the thermal diffusivity were calculated and used in the calculations to obtain 
the lower and upper estimates of the amount of oil evaporating from the brick. 

6.3.3 Estimation of the amount of oil evaporated from the brick. 

Best-fit curves were put to the parabolic temperature profiles obtained from the solution of 
the numerical code. These equations express the temperature T as a function of position l 
inside the brick. The equations used to model the evaporation of the used oil (see Table 4.3), 
show the relationship between the temperature T and the amount of oil evaporated X. 
Expressing X in terms of l using these evaporation equations by substituting for T into the 
parabolic equations in fig 6.3 and 6.4, the amount oil evaporated from a thin slice of brick 
about 3mm thickness was calculated. The cumulative conversion X was obtained and an 
estimate of the used oil evaporated from the brick was thus obtained by weighting the 
conversions obtained on each of the 3 axes with the respective lengths of the axis. 
Spreadsheets showing the results from these calculations are shown in Appendix 5B. 

6.3.4 Calculations to determine additional early heat provision 

Having determined the estimated oil evaporated from the brick as above, the additional 
energy that would be obtained if the vaporised fraction of the oil were to release its calorific 
value was calculated as follows: 

HOil = L 6moil·HvOil (6.1) 

Where H ,.,oi' is the heating value of used oil = 38 MJ/kg and 6moil is the fraction of oil 

evaporated in a thin slice of brick iJl (see fig. 6.2). The calculations were done by using the 
best-fit temperature profiles obtained for the 25 °C/hr and the 80 °C/hr runs respectively. 
The total energy in the brick was calculated from the total amount of used oil used to make 
the bricks: 

Bricks produced: 23680 
Total used oil used: 2610 kg 
Used oil in a single brick = 2610/23680 = 0.11kg 
Total energy in brick, HT = 0.11 ,:. 38 = 4.19E+06J 
Energy per 1000 bricks: 4190 MJ 
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Temperature profile of a heated brick along side L 

75. 

The amount of energy used to heat up a thin slice of brick of thickness M was calculated by using 
the heat capacity given in section 6.3.3 (i.e. 856 Jlkg.K) . The total amount of energy required to 

heat up the brick was then calculated by summing up the small portions of the brick and given 
by. 

HB = L ~m.~ T.C p (6.2) 

Where ~m is the mass of the thin brick slice of length LJl, C p is the specific heat capacity, ~ T is 
the temperature difference (T-lOO °C) and T is the temperature given by the equation of the 
temperature profile. The amount of heat required to raise the temperature of the brick up to the 
condition determined when it's surface temperature reaches 450°C was expressed as a percentage 
of the amount of energy that was released in form of the oil that evaporated assuming that all the 
evaporated oil combusted at the surface. Again here it must be noted that the energy value 
calculated from the heat capacities is an estimate from the one-dimensional model, so the errors 
in the two values will cancel out when expressed as a percentage. 

6.4 Results 

As mentioned earlier in the chapter, hydrocarbons in the used oil coke at a temperatures up to 
about 450°C. This means that once the surface temperature reaches 450 °c all hydrocarbons 
volatilised inside the brick will coke and crack as they pass the surface producing methane, other 
smaller hydrocarbons and hydrogen, which would contribute to the heat during the firing 
process. On the other hand, heavier hydrocarbons evaporating from the brick before this surface 
temperature is reached, may undergo no or incomplete combustion. 

Two plots have been chosen to show how the temperature predicted is to vary across the axis of 
the brick. The plots for the runs done at 25 °C/hr and 80 °C/hr are shown in Figure 6.3 and 6.4. 
The diffusivities calculated at the two k-values are: Dlk _ o J = 1.8e-7 m/ S2 and D2k =1 = 6.1e-7 m/ S2. 

Figures 6.3 and 6.4 were evaluated at Dl = 1.8e-7 m/s2
• The plots obtained at the higher 

diffusivity were similar to those in Figure 6.3 and 6.4 except that the brick centre line 
temperatures at the higher diffusivity for the same heating rate were higher. 
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Temperature profile of Brick across x axis 
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Figure.6.3 Temperature profile of brick ramped at 25 0C/min 

Temperature profile of Brick across x axis 

Length(m) 

Figure.6.4 Temperature profile of brick ramped at 80 °C/min 

Best-fit equations were put to those curves that were passing through a surface temperature of 
450°C. The two equations are shown on the two figures. The two plots show that at the higher 
heating rate (80 °C/hr) the centre line temperature of the brick increased much slower than the 
outside temperature, as compared to the lower heating rate. This can be explained as follows: the 
thermal diffusivity was assumed constant and if more time is allowed to get to a certain surface 
temperature, a much higher temperature is achieved inside the brick, hence the higher centre line 
temperature at lower heating rates. An estimate of the amount of used oil evaporated was 
calculated. Table 6.1 shows the under-estimated conversions obtained by applying the one
dimensional model to the brick at the different heating rates and diffusivities. 
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h Ta Ie 6.1. ConversIOns f or use d ·1 01 f evaporatIOn rom h·k riC • 

Heating rate Under-estimated % evaporated Diffusivity 

80 oC/hr 24.2 1.8e-7 m/s2 

80 oC/hr 44.9 6.1e-7 m/s2 

25°C/hr 49.1 1.8e-7 m/s2 

25°C/hr 70.9 6.1e-7 m/s2 

The thermal diffusivities obtained here compared well with what other workers have obtained, 
for example as mentioned in chapter 2, Terada et. al (1958) got values of 6.1 *10.7 m/s2 and 
lor 10.7 m/ S2 at ambient to 600°C for fireclay bricks respectively. Table 6.4 also shows that the 
higher the diffusivity the higher the amount of oil evaporated. Since a high thermal diffusivity 
indicates a higher rate of heat transfer, we would expect the oil to evaporate at a rate that is 
proportional to the diffusivity. 

The re$ults in Table 6.1 show that, at the least, when operating a clamp kiln at a heating,r:ate 
between 25 °C/hr and 80 °C/hr, the amount of used oil evaporated is approximately 25 % by 
mass in the region from ambient to 450 °C. When slower heating rates are used more of the oil 
evaporates with the least amount being 50 % at the lower diffusivities. If the clay has a higher 
thermal conductivity, of about 1 W / m.K. (D = 6.1E-7 m/ S2) due to the presence of more iron, 
the amount of used oil evaporated is 45 % and 70 % at 80 °C/hr and 25 °C/hr respectively. From 
this we can see that higher heating rates trap more oil inside the brick at lower temperatures than 
lower heating rates. 

If the energy from the fraction of the used oil evaporated was liberated and used to provide heat 
in the kiln the amount of energy released from complete combustion of the fuel would be as 
shown in Table 6.2. This energy if expressed as a percentage of the total energy of the oil initially 
put into the brick, it will be the same as the percentage of the amount of oil evaporated. This is 
the energy that would contribute to raising the surface temperature of the brick if it were fully 
utilised. 

T hi 62 E a e .. 1 1 . ner~y ca cu atlOns 
Heatifig rate Additional energy provision ' , 

and thermal Energy needed to from complete combustion of (HB/Hv,oil) 
diffusivity heat up brick, HB used oil evaporated, Hv,oii Hv,oil/lOOO bricks 

25C/hr (Dl) 7.79E+05T 2.50E+06T 
2500 MJ 

38 % 
80C/hr (Dl) 4.37E+05] 1.01E+06T 1010 MT 43 % 
25C/hr (D2) 9.23E+05] 2.96E+061 2960 MJ 31 % 

80C/hr (D2) 7.44E+05T 1.88E+06J 1880 MJ 40 % 

Table 6.2 also shows that the energy required to heat up the brick H B, is less than that which 
would be obtained from the complete combustion of the evaporated oil during the early heat up 
phase. HB averages 38 % of Hv,oil' This suggests that most of the energy from the used oil 
volatilisation is not being used up to heat up the brick, but it could be lost as unburnt volatiles or 
by convection with the combustion gases. Table 6.2 also shows that the amount of oil evaporated 
would contribute anything from about 1000 to 2960 MJ/1000 bricks to the heat load, which is a 
significant amount of energy relative to the energy used for lighting the clamp: 2850 MJ/1000 
bricks js used as lighting fuel. 

6.5 Disscussion 

The results above show that there is a substantial amount of used oil being lost during the early 
heat up phase of the brick, i.e. up to a surface temperature of 450 °C. It must also be taken into 
consideration that the amount of oil evaporated calculated here is an underestimate and more 



Univ
ers

ity
 of

 C
ap

e T
ow

n

78 

could have been released and lost as volatiles to the environment. If the efficiency of the system 
is to be improved the conditions in the kiln must be as close as possible to attaining complete 
combustion of the fuel. In the plant trial we should have found heating curves with higher HRs if 
most of the oil evaporating in this temperature region had been burnt to provide energy for 
heating up the brick. The curves from the used oil section had heating rates that were not much 
different from those in the control runs. If the used oil volatiles were to be combusted much 
more than the coal, in the LHP up phase, we would have expected the curves obtained o~ the 
used oil section to have initial higher heating rates than those obtained on the coal side. 

The heat from the bottom of the clamp both on the coal side and the used oil side cancel each 
other out since the base fuel is the same, so the additional heat from the evaporating oil would 
have manifested itself by increasing the initial heating rate of the used oil section, since we ha~e 
seen that up to approximately 50 % of the oil can be evaporated at LHRs for white clays. 
Furthermore, in chapter 5 (section 5.2.1) we have seen that the amount of coal used is an 
equivalent of 2850 MJ/1000 bricks at the most. The calculations above have shown that the used 
oil evaporated has an energy equivalent of about 1000 to 2960 MJ/1000 bricks, a ratio of about 
0.5-1 to the lighting fuel. The total amount of used oil added was 4190 MJ/kg per 1000 bricks. 
The oil evaporated in the LHP is sufficient enough to expect initial HHRs and high top 
temperatures from the used oil volatilisation and combustion. From the slope of the curves and 
the evaporation figures above, we cannot see any advantage of incorporating used oil as a body 
fuel over using coal. 

In chapter 5 we learnt that the heat up phase up to about 500 DC was oxygen deficient, associated 
with large amounts of CO2 release, suggesting that combustion was taking place. But this would 
not rule out that there were no unburnt volatiles in the system, or rather a high degree of 
incomplete combustion. This could also suggest that if most of the used oil was burnt then its 
heating value could have been lost with the convective gases since its contribution to heating up 
the brick was not realised, as shown by the figures in Table 6.2. The results obtained in this 
chapter suggest that pollution due to unburnt volatiles cannot be ruled out. If there is no 
complete combustion of the hydrocarbons during the initial heat up phase there will be partial 
oxidation in the L TO region (see chapter 3) leading to the liberation of partially oxygenated 
compounds like aldehydes, ketones, CO, etc. PAHs will also be released into the atmosphere 
causing more environmental pollution. The results here would further support our suggestion in 
chapter 5, of introducing an air supply system during the heat up phase of a clamp kiln or an 
improvement on the existing heat transfer system to improve the energy efficiency of the system, 
thereby reducing pollution. 

6.6 ; Conclusions 

The following conclusions can be made from this chapter: 

• The brick does not heat up uniformly and HHRs give a lower centre line temperature 
thereby trapping more oil for combustion at the higher temperatures. 

• The rate of volatilisation of the oil is dependant on the thermal diffusivity. Significant 
differences in the release of the oil at the higher and lower values of thermal diffusivity 
were observed. 

• It would appear that a significant fraction (> 25 % or even> 50%) of the oil vaporises 
and leaves the brick during the LHP, passing the surface before temperatures become 
sufficiently high to guarantee effective combustion of heavier hydrocarbons. 

• If the oil combusts there is a significant amount of energy lost by convection of gases. 
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7.Conclusions and Recommendation 

As presented in chapter 1, the main aim of this work was to investigate the technical feasibility 
of using spent lubes as a body fuel in brick making. The following were instrumental in 
addressing the key research questions and objectives: 

• Literature search 
• Laboratory work 

• Field work 

• Modelling 

This chapter will evaluate the feasibility of employing used oil as a body fuel in brick making from the 
main findings obtained by the above investigations. 

7.1 Key findings 

A number of key questions were phrased in the introductory chapter. The following subsections will 
review the main findings vis-a-vis these key questions and the main objectives of the work. 

7.1.1 Volatility and characterisation of used oil 

• The volatilisation of the oil during firing was one of the main questions of this work, but in 
as far as solving this problem was concerned, the characterisation of the oil became one of 
the major findings since no work has been published in South Africa on the 
characterisation of used oil using thermogravimetric methods. Work published elsewhere 
has mainly concentrated on the characterization of crude oi Is and other solid fuels by 
thermogravimetric techniques. We can conclude the following from this work: The TGA 
experiments have shown that less than 2 % evaporates between 0 and 100°C at the heating 
rate employed here, and about 83 % of used lubricating oil evaporates between 100 and 450 
0c. A coke residue of about 17 % by mass is obtained at a temperature of about 450°C. We 
can conclude that South African used lubes consist of less than 2 % of volatiles boiling below 
100°C. 

• Two main mass loss regions were identified on the used oil pyrolysis and oxidative DTG 
curve i.e. the low temperature oxidation (L TO) (below 250°C) and the high temperature 
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oxidation (HTO) (above 250°C). In an oxidative atmosphere low boiling aromatics and 
paraffins undergo partial oxidation (in the LTO region), whilst they distil in a non
oxidative atmosphere. In the HTO, higher boiling molecules combust and crack to 
produce low molecular weight and oxidation products. Higher molecular weight products 
are also produced due to the accompanying polymerisation reactions. In combustion 
systems, pyrolysis and oxidation reactions take place concurrently. 

Theory suggests that the cracking of hydrocarbons occurs mainly from 200°C upwards. In our 
situation cracking can turn out to be important because there is not enough oxygen inside the 
brick for complete combustion. Therefore, the oil will crack inside the brick to produce volatiles 
that will burn both inside and outside the brick if they come into contact with a flame. On the 
other hand the formation of coke inside the brick cannot be denied due to the expected severe 
cracking, which leads to coke deposition. The residue left in the thermogravimetric pans provides 
the evidence for the coke formation up to 450 Dc. However, all the coke formed burns at higher 
temperatures (> 450°C). A cross-sectional cut of the fired used oil bricks showed no signs of 
coke inside suggesting that all the coke formed in the brick was burnt at the high temperatures 
reached during the firing process. 

7.1.2 Handling of used oil and brick quality 

From the laboratory experiments and the field trial no problems of major concern were found in 
working the used oil, clay and water mix into a green brick. The main findings were: 

• There is a limit as to the amount of used oil that can be put into the brick to get the 
.. desired extrusion. In this case it was 12 % coal energy equivalent, for a coal of 24 MJ/kg . . 
However, this value depends on the characteristics of the clay, so it can differ from clay 
to clay and it can also depend on the extrusion pressure. The experiments done at the 
brickfields showed that a used oil clay water mix can be extruded to form bricks which 
can be fired in clamps or even in tunnel kilns. 

• The quality of the bricks produced would depend on the firing conditions and they can 
range from common plaster bricks to face bricks. The bricks produced in the field trial 
satisfied the compressive and water absorption specifications required by the South 
African Bureau of Standards. 

7.1.3 Temperature and gaseous measurements from the clamp kiln 

The following conclusions can be made from the temperature and gaseous measurements taken 
during the control and trial runs at the large clamp kiln operation: 

• Although the oil zone was slightly more fuelled than the coal zone, the temperatures of 
the used oil zone were lower in both runs than the coal side temperatures. This suggests 
that coal, due to its higher fixed carbon content fires up to much higher temperatures 
since it does not release all its energy at once. This was also evidenced by the fact that 
oxygen levels in the coal zone were low for temperatures up to 900°C compared to the 
used oil zone, which were low only up to about 600°C. 

• Oxygen levels inside the burning clamp went to zero during the main evaporation region 
of the oil (i.e. 100- 450°C), showing that there was inadequate amount of oxygen for the 
combustion reaction. The CO2 produced during this period showed that combustion was 
taking place, but the high CO levels (> 2000 ppm) suggested that this was incomplete. 
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The oxygen deficient environment can also explain the inefficiencies usually experienced 
with clamp kilns. , 

• . The expected higher initial heating rates from the used oil combustion were not realised 
for reasons that will be discussed below. 

7.1.4 Modelling of used oil volatilisation from the brick 

We can conclude the following from the used oil volatilisation model: 

• The rate of used oil volatilisation was found to be dependant on the thermal diffusivity. 
Higher thermal diffusivity favoured higher rates of evaporation of oil from the brick at 
same surface heating rate. Higher surface heating rates trap more oil inside the brick at 
lower temperatures and less oil evaporates from the brick before the surface temperature 
reaches 450 °e, as compared to LHRs where about 50 % or more of the oil can evaporate 
at temperatures below 450°C. 

• . An underestimate from the model, of the amount oil evaporating from the brick dqrjng 
the heat up phase showed that a significant amount of oil (> 25 % or even> 50% at 
LHRs) evaporates below 450°C. The expected heat contribution of this oil seems not to 
be realised during the early heat up phase of the brick, since there is no increase in the 
heating rate of the used oil zone relative to the coal zone. This can be due to one of the 
following two reasons: 

1) The energy is lost as unburnt volatiles or 
2) The heat is transported by convection due to the movement of the combustion gases. 

7.1.5 Environmental considerations 

The conclusions on the environmental effects of this process were drawn from the experiments 
done on the bricks produced and from the observations made during the firing process. 

• . There was no noticeable smell of used oil picked up from the driers, but it could be smelt 
at a distance of about 1m close to the burning kiln. 

• Black carbon was seen on top of the clamp on the used oil section, which was not seen 
on the coal side. 

• It was proven that there are no lead emissions from the brick during the firing process. 
Therefore, environmental pollution due to lead emissions is of minimal concern if used 
oil were to be incorporated as a body fuel in brick making clays. 

7.2 Concluding discussion 

The set up of a clamp suggest that about 80 % of the bricks experience low heating rates (LHR) 
suggesting that there is a higher percentage of oil, greater than 50 % evaporated from each brick 
in the low heat up phase (LHP) (temperatures up to 450 0e). The expected heat contribution due 
to this oil seems not to be realized in the LHP. Higher heating rates were expected from the used 
oil section since a significant amount of energy used as body fuel evaporated, relative to the fuel 
used to fire the bricks as the base fuel. The fuel energy in the used oil section was about 4190 
MJ/1000 bricks, which is about 1.5 times the bottom coal fuel (2850 MJ/1000) This would 
warrant us to expect high heating rates (HHRs) from the used oil volatilisation and combustion. 
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From the slope of the temperature curves obtained, we cannot see any advantage of 
incorporating used oil as a body fuel over using coal. 

The CO2 released in the main evaporation region of the oil suggests that combustion was taking 
place in the used oil zone, so used oil can become an important fuel if certain improvements are 
made to improve the efficiency of the system. 

The fact that the kiln environment is oxygen deficient suggests that there are some unburnt 
volatiles being emitted into the atmosphere. However, we did not observe any used oil 
condensation in the gas sampling system suggesting that the unburnt volatiles could have been 
low bo,i1ing organics (e.g. methane, ethane) which are not known to be environmenF~lly 
hazardous. From an environmental point of view we cannot really conclude that the process is 
more environmentally hazardous compared to the coal, but we would rather suggest 
improvements to the use of used oil as a body fuel. 

7.2.1 Concluding statement 

Most of the evidence found above, for supporting the hypothesis, would lead us to make the 
following concluding statement: 

Used oil can be mixed into clay to form green bricks that can be fired. From the results 
above, we cannot confirm conclusively whether the oil thus distilling or cracking off in 
the early heat up phase actually combusts or simply evaporates from the clamp kiln. The 
evidence would point towards the latter, but better management of flames and oxygen 
could alleviate such a problem. Therefore, it is not advisable to pursue a full-scale used 
oil op~ration on a clamp kiln, lest it become an environmental burden. 

7.3 Recommendations 
We have seen from above that used oil cannot be ruled out as a complete failure in its use as a 
body fuel in brick making. It is thought that if certain conditions are met e.g. improving the 
energy efficiency of the existing clamp operations or suggesting modifications to existing brick 
firing operations, then its use as a body fuel can become important in certain brick making 
technologies. In this regard, the following recommendations are presented. 

7.3.1 Recommendations for field practice 

The ~ollowing recommendations are made based on the findings from the above, for field 
practIce: 

• The oxygen deficiency generally experienced in clamp kilns, suggests that there is need to 
" introduce an air supply system during the heat up phase at different heights of the damp · 
to improve the efficiency of the system. For example, in the case of the used-oil-body
fired bricks a flame can be introduced into the system before the temperature of the brick 
goes above 100 DC by the use of flues at different heights of the clamp, in which air is also 
blown, so that the volatiles coming off can be burnt before they go to the atmosphere. 
This would also introduce new heat transfer channels to improve the energy efficiency. 

• Further improvements can be done on clamp kilns to include a system, which recovers 
volatiles, for burning to provide heat for the drying chambers. This process will only be 
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applicable to modern clamp operations, which use oven drying instead of sun drying. An 
example of a set up that will allow for this modification is shown in Figure 7.1. 

Front view 

( ~ To driers 

~(' 

® 
~ f ~ 

fan 

Clamp Kiln 

nues/ I i 
~ 

Gas duCIS 

Side view 

(c ~ To chiers 
and or flues -- <II 

0 0 0 

Kiln 

Front view and side view of a gas recovery system for a clamp kiln 

• It has been found that the top bricks in a clamp kiln fire up to much higher temperatures 
·than the middle and bottom bricks, and both the former and the latter achieVing 
vitrification temperatures. It can be suggested that considerable fuel savings can be made 
if less fuel is used for the top bricks. Therefore, field experiments can be carried out to 
optimise fuel usage in the top bricks. 

• The use of liquefied petroleum gas (LPG), or natural gas is recommended for use as 
lighting fuel. From this one would expect the following advantages: 

1) LPG is a cleaner burning fuel than coal 
2) The efficiency of the system is improved since volatiles can be 

burned as soon as they are released. If the heating rate is increased 
then more volatiles are trapped in the brick and they will be burned 
at much higher temperatures. 

3) The speed of the flame front is expected to increase. 

• The use of used oil as a body fuel in brick making has so far been applied to clamp kilns 
< with no proper control of the firing cycle. It is recommended that this application sh'o'uld 
be tried in operations with a stack gas recycle system. For example, in tunnel kilns that are 
designed such that the gases from the stack, probably rich in Hydrogen and volatile 
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organic compounds (VOCs), is recycled back to the firing zone where it is combusted by 
a fresh supply of air. This would greatly improve the efficiency of the process, which 
would reduce the amount of fuel required in the brick firing process. Figure 7.1 shows a 
schematic diagram of the suggested recycle system. 

Purge ( with separation ofVOC's) 

Combustion gases & 
VOC's 

hair Tunnel kiln Driers 
Bricks 

Bricks 
Bricks 

Figure7.2 Recycle system for reducing VOC emissions 

7.3.2 Recommendations for further research 

Relating to the question of used oil body fuels for brick making, the following recommendations 
can be'made for further research: ' ~ 

• From the results above we have seen that there is uncertainty as to the fate of the 
polynuclear aromatics (PNAs) and other VOCs, therefore, if one is to do another field 
trial, equipment for monitoring higher hydrocarbons and VOCs should be used to obtain 
more precise figures of the emission factors. If modifications, as discussed above, are 
done the VOC's emissions can be compared to the existing systems to determine the 
effect of the improvements done. 

• A small-scale investigation in the laboratory or at a brick plant can be set up and used to 
fire used oil body fuelled bricks only. The system should be equipped with a stack gas 
system for monitoring the combustion gases, including the VOCs. 

• The modelling approach can be improved by using a two or three-dimensional model, 
which involves a finite difference or finite volume approach. 

• If the process of incorporating used oil as a body fuel could thus be found to have merits 
the leachability of lead over time should be investigated. 

• The clamp kiln has been banned in India, due to its associated inefficiencies. New 
methods such as the vertical shaft brick kiln (VSBK), developed in China, have been 
found to be 50 % more efficient than the clamp kiln. It might be of interest to study the 
behaviour of a volatile body fuel in such a system. 

• Some observations pertaining to general environmental issues in brick making have been 
observed. In this regard, the following is proposed for further investigation: 
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Appendix lA 

TG IDTG curves for used oil in air and nitrogen 
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Appendix IB 

Aproximate heating rates up to 450°C for Coal and Used oil runs (T1 & T5) 
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Aproximate heating rates up to 450°C for Coal and Used oil runs (T3 & T4) 
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200 I ~~~------------------------------------------------------------------------------------~ 

100 iT~~::::=---------------------------------------------------------------------------------------~ 
o +1----------------------,---------------------,---------------------,---------------------,---------------------~ 

o 5 10 15 20 25 

time (hrs) 

I-+-T3-run1 :used oil _ T4-run1 :coal T3-run-2~used oil ~ T4-run2:coal I 
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Appendix 2A 

Turbo Pascal program used for online temperature measurement 

{$m 32000,0,655360} { Turbo Pascal 7 I EWR I Jan 2001 } 
{$N + +} {'r Link with full 8087 emulator, uses 8087 if present 'r} 

PROGRAM 
============================= ==== 

TIC remote logging } 
I MON32 must be on line to run } 

to download: None } 
Calibration equations added I ewr } 
==== =================== ===================== ======} 

USES dos, graph, rtstdhdr, rtgraph, 
. rtbargr I rtchart, rtgcommo, 

async2,cvarsb,clibc; {Interrupt driven drivers for SBC } 

VAR { Required by Q/C graphics} 

ADCbits 
tags 
lc,lf 
alarmstrings 
ydata 
rr, rr2, smnum,ll,bb,tt 
1, J, i8 
ss 

{ by user code } 

: rtvaluearraytype; 
: tagarraytype; 

: rtmtarraytype; 
: alarmstrarraytype; 

: Array[O .. lOOO] of RealType; 
: RealType; 

: string[5]; 

secold, minold : Word; 
ADC, Count, ChNum,Hi,Lo, 
XP,TL,FileNum,ArPoint,SumCount 
EndOfRun,SFlag,MFlag,DiscOn 

: Char; 

FileName,CoreName : String[12]; 
Strl,Str2,Str3,Str4,Str5,Str6,Str7,StrB : String[ll]; { 
Str9 : String[ll]; { Counter} 

AADC 
SumADC 

ArADCO 

: Array[O . .7] of ",.",tn'", 

of 

: Array[0 .. 240] of ImA;:g:er; 

: Array[0 .. 240] Integer; 
: Array[0 .. 240] of Integer; 

values} 
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ArADC3 
ArADC4 

ArADC6 
ArADC7 

: Array[0 .. 240] 
: Array[0 .. 240] of Integer; 
: Array[0 .. 240] of Integer; 
: Array[0 .. 240] of Integer; 
: Array[0 .. 240] of nrp,o-pr' 

: Text; 
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(*////////////////////////////////////////////////////////////////////////*) 

BEGIN 

{ LINECOLORS AND LINESTYLES FOR 2 TRACES} 
{ ---------------------------------------------} 

i:= ° to 2 DO 

1c[i] := 15-i; 
If[i] : = 0; 

"",,.,.l.LJ.L,., THE AND UP 10 WINDOWS} 

rtinitgraphics(defaultbgidir,10,1); {10 is total used ??????????? } 

TWO WINDOWS FOR SCROLL GRAPH (upper) AND TEXT BOX 

rtsetpercentwindow(rtstat[1],0.00,0.00,1.0,0.8); { scroll graph} 
rtsetpercemwindow(rtstat[2],0.0,0.85, 1.0, 1.0); {Bot: text box} 

{ record to plot) ° to 1) 

{ - pg } 

SCROLL GRAPH IN LOWER WINDOW} 

{RtSetUpScroliGraph (See manual- pg 

timeint : = 200.0, sampleint: = 1, 
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miny:= 0.0, 
nt:= 
loalarm := 
decS:';"O, 
ratchf:= 1 } 

maxY:= 400.0, rt: 0.90, 
grid:= 1, 

hialarm : = setpoint : = 200.0, 
bgtitle:= 'MIXING .. .', x 10' 

tags[O] : = If; { No names displayed above } 
If 

97 

200,2,0, (deg e)' ,tags,lc,lf,TRUE); 
rttitlexaxis{rtstat[l], (Seconds)'); 
rtborderwindow(rtstat[1],15); 

WRITE LOWER WINDOW} 

rtborderwindow(rtstat[2],15); { Specify window and colour} 
~ {manual- 131 } 

RTSetWindow(rtstat[2]); { Select the window } 

RTGraphGoToXY(4,2); {Position cursor (character cells) } 
{ R TGraph W rite{string, width,justification } 

RTGraphWriteCTLOG/19-01-2001',15,0); {Program I version} 
RTGraphGoToXY(4,4); 
RTGraphWrite(,ehemEng, ,12,0); 
RTGraphGoToXY(4,6); 
RTGraph Write(' TO = ',3,0); 
RTGraphGo ToXY(12,6); 
RTGraphWrite('Tl ',3,0); {ADeO to ADe7 } 
RTGraphGoToXY(20,6); { lables bottom of window} 
RTGraphWriteCT2= ',3,0); 

, RTGtaphGoToXY(28,6)j , , 
RTGraph W rite(,T3 = ',3,0); 
RTGraphGoToXY(36,6); 
RTGraphWriteCT4 ',3,0); 
RTGraphGoToXY(44,6); 
RTGraph W riteCT5 = ',3,0}; 
RTGraphGoToXY(52,6}; 
RTGraphWrite(,T6=' ,3,0); 
RTGraphGo ToXY(60,6); 
RTGraphWriteCT7 = ',3,0); 

RTGraphGoToXY(33,2); {No disc logging } 
RTGraphWriteCLog off ',18,0); {Also blank 'count' } 

{ Starts in this state } 
RTGraphGoToXY(60,2); 
RTGraphWrite('F9 = Toggle log',8,0); {F9: Disc Toggle} 

RTGraphGoToXY(60,4); 



Univ
ers

ity
 of

 C
ap

e T
ow

n

98 

RTGraphWrite(,F10 Quit to ,8,0); { Quit} 

{ 

(*11111111111111111111111111111111111111111111111111111/1/11111111111111111 

COMMUNICA TION WITH THE 
SBC/MON32) } 

('" Transfers to/from the SBC I Mon32 are 

INTERFACE UNIT (CE09/SIMON or 

following two procedures in the comms library use the 
procedure "MsgInit" must the 11.U;;"""'I:'C headers etc. 

(1) data SBC. 
==== "RXDATA". 

(R/T) 
RXDA T A[1 to 5] ...... header MsgNo, N) 

{ Data .... RXDATA[6 to readings (Hi & Lo bytes ChO- > 8) 
{ Data.... . ..... Digital (IC10/HCT24S) 
{ .... RXDATA[23] ...... Not with this 

RXDA T A[24] ...... EOT 
to 26] ..... . 

Only "Data" section of the array is used by the calling 
i.e. RxData[6] -- > RxData[24] .. 

(2) TMESSAGE ... Transmits output data to the 
= = = = = = = = Data must be place in the array "TXDA T A" prior to 

calling this routine. 

TXDATA[1 to 5] ...... H'.u;;;),,, ... ~c header 
{ .... TXDATA[6t09] ...... Not 
{ Data .... TXDATA[lO] 
{ Data .... 1] 

TXDATA[12] 
TXDATA[13 to 14] ...... 

(Latch/IC15/LS377) 
this (SBC) 

Only the "Data" section of the array is used by the calling ...... ,.,0-.. " 

i.e. TxData[6] > TxData[ll] 

FORMAT .. 
=== == =:= == 

All data is contained in the byte decimal ($00 

Digital 1/0 .... status of 8 

> 3 of hi (1st) = bits > 11 of result 
(12 bit) > 7 of 10 (2nd) = bits 0-- > 7 of result 
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DAC outputs .... bits 0-> 7 of byte = DAC value (0 to 255) 
(8 bit) No on " .. "' ..... ". 8032 1 

CONVERSION 

un(;[lo,n Read170(Var 

: Integer; 

: {ChNum*2)-1; { Select byte pair} 
: RxData[5 + Dum]; { Cho hi at position 6 } 

Lo : = 1]; { ChO 10 at position 7 } 
X: (Hi * 256) + Lo; { SBC / MAX170 versions only} 
Read 170 : = { to ADC reading} 

End; 

SetAr01(PltA,PltB: In" lte2:ler 

ADCbits[O,l] for 
vAL"' ......... " need to plotted 

Begin 
ADCbits[O]:= round{AADC[PltA]/10); { 
ADCbits[l] : = round(AADC[PltB]/10); 

Procedure GetADC; 

window} 
} 

into plot 

the } 
} 

} 
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} 

CURRENT FROM THE } {NB. Requires only Channels a and 1 } 

:Begin. 
RMessage; { data all 8 ADC ...... "' .. u"'.'" } 

Count: = 1 to 8 do { 12 bit binary to decimal " } 
Begin { Store in int values (AADC) 

AADC[Count-l] : Read 170(Count); 
SumADC[Count-l]: SumADC[Count-l] + AADC[Count-l]; 

Sum Count := succ(SumCount); {counter for } 

Procedure T calib; 

Conyert ADC bits to '-#>t"Ir\M .. (deg C) } 
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Channels 0,1,2,3,4 calibrated I I ewr} 

: round((0.000007"Xl [0],'X1 [0]) + (0.3098'~X1[0])-2.3434); 
: = round((0.000007'l-X1[1]*X1[0]) + (0.3106'l-Xl[1])-1.1227); 
: = round((0.000007"X 1 [2yrX l[0]) + (0.3102''"X:t[2])-0.0393); 
: round((0.000007"Xl[3]'I-Xl[0]) + (0.3109''"Xl[3])-1.6274); 

TCal[4] : = round((0.000007*Xl[ 4]*Xl[0]) + (0.3110>'rX1[4])-2.1428); 

: = round((0.000007'''X1[S]*X1[0]) + (0.3098"X1[S])-5.466); 

: round((0.000007'!-Xl[6]*Xl[0]) + (0.3098"Xl[6])-S.466); 
: = round((0.000007*Xl[7]*X:t[0]) + (0.3098"X1[7])-S.466); 

DATA - SCROLL GRAPH} 
Plot A channel 0 (white) } 
Plot B ADC channel 1 (yellow) } 

Begin 

{ Select which channels to plot } 
SetArO 1 (0,1); { Data in ADCbits[O and 1] } 
rtupdatedisplay(rtstat[1.],ADCbits); {Scroll graph - Window 9 } 

X1[0] : = AADC[O]; 
Xl[l] : = AADC[l]; { convert once off 
Xl[2] : = AADC[2]; 
Xl[3]:= AADC[3]; 

:= AADC[4]; 
:= AADC[S]; 

Xl[6]: AADC(6]; 

Tcalib; 

reading} 

Str{round(Tcal[0]):4,Str1); {convert to strings for } 
Str{round(Tcal[1]):4,Str2); {graphics screen printing} 
Str(round(Tcal[2]):4,Str3); 
Str{round(T cal[3 ]):4,Str4); 
Str(round(Tcal[ 4]):4,Str5); {integer:width:dec,string } 

WRITING} 
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Str(round(T cal[S]):4,Str6); 
Str(round(T cal[ 6 ]):4 ,Str 7); 
Str(round(T cal[7]) :4,Str8)j 

End; 

Procedure 

SetStrings; { ADC values to strings} 
RTSetWindow(rtstat[2]); { window} 

cell 
} 

{RTGraphWrite} { 
{ --------- } C : ° pads string with spaces to "I-''-'~un, .... width} 

Left, 2 = Right justified} 
{ } 

RTGraphGo T oXY(7 ,6); { 4 field to blank} 
RTGraphWrite(Strl,4,O}; { } {O left justified } 

RTGraphGoToXY(15,6); 
RTGraphWrite(Str2,4,O); {ADC1} { ADC values to} 

{ bottom window } 
RTGraphGoToXY(23,6); {second} 
RTGraph W rite(Str3,4,O}; { } 

RTGraphGoToXY(31,6); 
R TGraph W rite(Str4,4,O}; { ADC3 } 

R TGraphGo ToXY(39 ,6); 
RTGraphWrite(Str5,4,O); {ADC4 } 

RTGraphGoToXY(47,6); 
RTGraphWrite(Str6,4,O); { ADCS } 

RTGraphGoToXY(55,6); 
RTGraphWrite(Str7,4,O); {ADC6} 

RTGraphGoToXY(63,6); 
R TGraph W rite(Str8,4,O); { ADC7 } 

If DiscOn then 
begin { Display sample counter} 

Str(ArPoint,Str9); { if logging active} 
RTGraphGoToXY(51,2); { Counter display position} 
RTGraphWrite(Str9,4,O); {Log counter (arpoint) } 
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Procedure Clr Array; 

Fill sample data array 

var : Integer; 
Begin 
For : 0 to 240 do 

begin 
Ar ADCO[X] : = { 

ArADCl[X] := 0; { 
Ar ADC2[X] : = 

ArADC3[X]:= OJ 
ArADC4[X]:= 0; 
Ar"'ADC5[X] : = 0; 
Ar ADC6[X] . = 0; 

: 0; 

For := 0 to 7 

SumADC[X] . = 0; 
end; 

O' , 

End; 

Procedure VarInit; 

reset } 

VARIABLES} 

program ends} 
>Vl'.l'.HJll'. at start } 

XP:= 49; 
.-

FileNum: -1; { to core name} 

GetTime(hr,min,sec,sec100); {Read clock} 
secold : = sec; { Start seconds count} 
SFlag := false; { No increment at start } 
minold : min; 
MFlag: false; 

SumCount := { Counter ave group} 

{ zeros} 

Procedure BuildFileName; 
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current number to file core name} 

var tmpstr: 

;= succ{FileNum); 
Str{FileNum, T mpStr) i 
F ile!'l ame : + .......... , ..... T- .. + '.PRN'; 

GetFileName; {P1 at numberTL} 

Prompt for file core name} 

Begin 
ClrScr; 
GoToXY{1,TL); 
write(' LOGGING'); 

+ 1); 
write{' ------------'); 

+ 
write(, data (Sample number, ADCO) written to TEXT files'); 
GoToXY(1,TL+ 5); 
write(' Maximum buffer size = 240 Sampling = lIsecond'); 
GoToXY{1,TL+7); 
write(' Enter file CORE name extension)'); 

+ 10); 
WRITE(' Data filename = .PRN) ........... DATA'); 
GOTOXY(XP,TL+ 10); 
READLN{corename); 

corename = " THEN corename:= 'DATA'; 
+ 10); 

'); Delay(500); . 

Open specified data file (of records) - prior to logging} 

. Assign(DatFile,FileName); {Specify file name} 
ReWrite(DatFile); { Open writing} 

data file (of records) - prior to 

Begin 
Close(DatFile); 

End; 

Procedure Write T oDisc; 

HUl.L<lUI.'U } 
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data to disc file } 

var dcount :integer; 
Begin 

. end; 
End; 

Begin 

:= ° to (ArPoint-l) do 

" ',ArADC2[Dcount]:4 , , , , , 
, , , 
, ',ArADC6[Dcount]:4 

" ',ArADC7[Dcount]:4); 

9} 

L~"" •• L"" on/off } 
} 

} 

RTSetWindow(rtstat[2]); { the text box } 

If DiscOn then begin 
: false; 

OpenFile; 
WriteToDisc; 

{End of } 
{ Data to disc 

ClrArray; { All to zero I ArPoint o} 
RTGraphGo T oXY(33,2); 
RTGraphWrite(,Log off ',15,0); 
RTGraphGoToXY(33,4); 
RTGraphWrite('No ,10,0); 
RTGraphGoToXY(48,6); 
RTGraphWrite(' 'A,O); {Blank count } 

end 
else begin { Start file } 

DiscOn := 
BuildFileN arne; 
RTGraphGoToXY(33,2); 
RTGraph Write(' Log on Count =',15,0); 
R TGraphGo T oXY(33,4); 
RTGraph Write(FileNarne, 10,0); 
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{ Calc ave of ADC and replace 
var : mteger; 

with ",,,""--,,0-'" value} 

Begin 
X: 0 to 7 do 

begin 
AADC[X] : 
SumADC[X] : = 0; 

end; . 
Sum Count : = 0; 

End; 

} 
and reset array } 

{ Calibration factors ??? } 
Begin 

: = round(SumAdc[O]/ sumcount); { bit val to convert } 
Xl[1]:= round(SumAdc[l]/sumcount); {round to . } 
X1[2]:= round(SumAdc[2]/sumcount); 

: round(SumAdc[3]/sumcount); 
Xl[4]:= round(SumAdc[4]/sumcount); {convert ave to temperature} 

: = round(SumAdc[5]/ sumcount); {using procedure Tcalib } 
Xl[6]: round(SumAdc[6]/sumcount)j 
Xl[7] : = round(SumAdc[7]/ sumcount); 

Tcalib; { assign temperature to 

ArADCO[ArPoint]; round(Tcal[O]); 
ArADC1[ArPoint] ;= round(Tcal[l]; 

} 

ArADC2[ArPoint]:= round(Tcal[2]; {calibrated data to arrays} 
ArADC3[ArPoint]:= round(Tcal[3]j {written to } 

; = round(T cal[ 4]); 
ArADC5[ArPoint]: round(Tcal[5]}; 
ArADC6[ArPoint] : = round(Tcal[6]; 
ArADC7[ArPoint]: round(Tcal[7]); 

ArPoint : = succ(ArPoint); { 

sumadc[O] : = OJ 
sumadc[l] : = 0; 
sumadc[2] : = 
sumadc[3]: 0; 
sumadc[ 4] : = 

sumadc[5] : = 0; 
sumadc[ 6] : = 0; 
sumadc[7] : = 0; 

sumcount : = 0; 

{ 

pointer} 

for next summation} 
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. 
If ArPoint 240 then 

{ Write to disc } 
{ Open a new one} 

end; 

End; 

Procedure ChkFuncKey; 

Called when key #00 is det(~cted, 

Begin 
Key: = ReadKey; {,,'-'-, ........ 

(* #29:. 
#60: 
#61: 

#63: 
#64: 

of 
{ 1 } 

#66: { Fn 8 } '1-) 
#67: T oggleDisc; 
#68: EndOfRun: = 

(* #72: 

#77: 
#80: *) 

end; { of case } 

Procedure CheckKbd; 

{ Logging ani off } 
{Stop on } 

pair} 

HIT TAKE ACTION 
..... ,_"' ...... keys are 2 

} 
..... "'.1J, ..... " (first is a $00) } 

End-) 

ReadKey; 
If Key #0 
end; 

Procedure CheckClock; 

second incremented} 

{ Read the DOS clock} 

< > sec begin 
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SF lag : = { ..," •. A.,..l1 .... " Incr,ememea } 
secold : = sec; {J. ... "JLH'-"IHV'''' 

end; 

If minold < > min then begin 
MFlag : = { Minutes 
minold : = mm; { 

end; 

Blip; 

Call for every data update} 

Begin 
Sound(400); Delay(2); NoSound; 

End; 

Procedure Bleep; 

Call for 

Begin 
Sound(800); Delay(SOO); NoSound; 

End-
. " 

last} 
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} 

('~ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / />~) 

{ Start of main line} 

ClrScr; 
MsgInit; { Initialise arrays etc - comms rtns } 
VarInit; { Initialise application specific vars } 
SelectPort(true); {COMl /9600 baud - true = prompt for this} 
GetFileName; { Specify file} 

CheckKbd; 
Che,ckClock; 

{ Define windows and axes etc } 

{ LOOP UNTIL OFRUN} 

{ Any keyboard interaction ? } 
{ Check for seconds increment } 

If then { Call screen update procedures every second} 
Begin 
Blip; 
GetADC; 
CheckKbd; 
U pdateScroll; 
CheckKbd; 
TextBox; 
SFlag := 

{ Read 8 ADC channels on 

{ 
{ 

{ Quick check 
{ 
{ } 

"'VA .. ,",,, mode text } 
next sec inc } 

SBC} 

graph} 
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MFlag then { Procedures logging} 
Begin { at one minute 

Bleep; 
{ GetAve; } 

{ if 
false; 

EndOfRun; 

{ graphics windows and back to text } 
{Remove comms . } 

END. { of main} 
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Appendix 2B 

Data used to calibrate the K-type thermocouples 

to calibrate each thermocouple channel. Plots of voltage V s 
were and the equations obtained were used in the Turbo 

measurement. 

Channel 0 Channel 1 Channel 2 
Voltage (mV) T (oC) Voltage (mV) T (0C) (mV) T (0C) 

39 0 36 0 32 0 
339 100 334 100 331 100 
633 200 629 200 624 200 
930 300 924 300 922 300 
1235 400 400 1229 400 
1546 500 1540 500 1538 500 
1857 600 1850 600 1849 600 
2165 700 2161 700 2159 700 
2467 800 2464 800 2461 800 
2762 900 2759 900 2757 900 
3050 1000 3049 1000 3048 1000 
3328 1100 3328 1100 3328 1100 
3602 1200 3601 1200 3600 1200 
3860 1300 3861 1300 3859 1300 

1350 3986 1350 3987 1350 
4034 1370 4035 1370 4034 1370 

Channel 3 Channel 4 
Voltage (mV) T (0C) (mV) T (0C) 

37 0 39 0 
336 100 337 100 
629 200 629 200 
925 300 927 300 
1232 400 1232 400 
1540 500 1541 500 
1851 600 1852 600 
2161 700 2161 700 
2463 800 2463 800 
2760 900 2756 900 
3050 1000 3047 1000 
3328 1100 3327 1100 
3601 1200 3598 1200 
3860 1300 3857 1300 
3988· 1350 3983 1350 
4036 1370 4034 1370 
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Appendix3A 

Brick making at Killarney Bricks 

3A.l Clay preparation 

Clay is mined during the summer into a "stores" stockpile, this a duel purI:0se, firstly . 
weather conditions in winter do not allow and secondly days nuned m summer 
time for the clay to II sour". Souring and down the material to workable texture. 
Also exposure of the clay to to "even" out the various in the 
day .• 

As the factory demands raw rYI,>,tpt'. aet:errmrtea and day from "stores" 
is brought to the months production). 

The factory stores are scooped p n~-dc~teirmme:d quantitieS 
dust or "fines" which contam a method of 

and IS by means of a rrcmt--ena 

&2 ....... ., ........ " of coal dust 

day & 1 bucket dust 

day has more coaL White to more 

fills the box feeder that the clay onto a belt that transports the clay to 
II daff" crasher and crushes the material down to a size of around 25mm. Next the clay is carried to a 
bigger set of crashers (LA"c8) where the clay is crushed down to an 8mm thickness. The day is then 
carried to a "twin shaft mixer" where water is added and well mixed with the day, the approximate 
water addition % is clay is then crushed down (LA *9) to around 1.8mm. This gives a 
smoother texture to the "cut" of the brick. 

is then conveyed to a storage shed, which can hold up to 8 
day. benefits of having a store shed are that 

breakdown occurs, 

3A.2 The mixing and extrusion section. 

The feeds refined day onto the box feeder (Surge Bin), which in turn evenly supplies day to 
conveyorbelt, which carries the clay to the extruder. The extruder consists of a mixer, a de:airing 
chamber and' sectlOn. 
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De-airing is necessary to remove air 
clay binds welL Sharper at 

compressed so that the 
are of different sizes and shapes 

depending on the being H.l"'U.".l""'~"' 

column of is pushed through a wire-reel which rotates and cuts the solid column into <"_. 

brick size blocks. 

are fed through a sand-vibrating machine, which 
brick". (this is to stop the bricks from fusing 

The bricks are pushed further onto a flat conveyor belt, from which they are hand packed onto 
pallets. is offsetting. 

A standard brick (222''"106) is packed 640 bricks onto a pallet whereas a SOmm brick is packed 880 
pallet. Due to natural shrinkage of by drying and firing the sharper cap 

must be slightly to allow for 

Standard brick size 
Shaper-cap 

222mm * 106mm 
226mm*108mm 

The full pallets of ware are removed by forklift and are to the chamber dryers. 
extruded moisture content is about 17%, which is too high firing and therefore, the dryers are 
needed to remove this moisture to around a maximum of 4%. 

The heat for the comes from chain-grate stokers. To .. prtnrp the moistun! to an acceptable 
level it approximately hours. 

bricks are dry, they are to to .. n"''''''' ...... in position for 

............... JO. of 

a or bed is made (by hand) gaps or contain coal. 
(picture a piece o/blitz the firewood being the bricks). The bricks U.l<l.,..,.lLli.l'-' and 
"set" on top of the footing In a pyramid the has 10 

"side takes place. 
setting" is done by hand is basically a layer of with coal to 

edge of the damp to burn better. Once the clamp has progressed to the stage where setting 
" has built up to around 10 meters, the "casings" are packed. 

as the term implies is outer skin of the damp 
and rain and is up of previously 

Once casings are the clamp is ready to be To light up or ignite a clamp an 
element is placed every 3 meters along length of 

nm~cte:a to a and heated up until coal is . 
(during the footing 

(the element 



Univ
ers

ity
 of

 C
ap

e T
ow

n

112 

Once the clamp and cooling takes around 14 this time the 
casings can be bricks place. ofbncks (De-bricking) is a 
labour intensive process. are placed around for the sorters to pack 
onto (SaO/pallet) and to colour, grade pack pallets until full. A forklift 

. to the sorting team removes the pallets and place them in the "finished goods" yard. 
ae··sta,CK:tng is done in a "bench or format, which makes it for de-stacking. 

3A.3 Blending sorted product. 

sorted pallets are placed out in blocks of e.g. 100 with light and dark pallets of bricks. 
reason for doing this is to ensure that colours are blended evenly and that any rejected bricks are 
taken out of the premium product. This operation is a final quality check. 

The final product is shrink-wrapped so as to stabilise the pack and it also serves a s protection from 
etc it arrives at customer. Product batches or bins are stored at the "finished 
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Appendix3B 

C~lculations for mixing used oil into day and brickextrusi9~: 
(Killarney Bricks: 15:05:01) 

3B.1 Calculation of amount of coal used as body fuel 

Fine coal density: 783 kg/m3 
Coal energy value: 24 MJ /kg 
Used Oil density: 900 kg/m3 

Used oil value: 38 MJ/kg 

Current coal to clay 

1 scoop clay is ± 1.6 
Volume of 1 2.5 

± 4 tons 

2 scoops coal = ,. coal density = 2* = 39 
21 scoops clay = 4 ,~ 21 84 000 kg 

Total mass 39 + 84 000 = 87915 

clay 

% current amount of coal used on a dry basis: (3915/87915)'} 100 = 4.45 % 

3B.2 Determination of day flow rate 

Wirecut process produces bricks at a rate of 210 bricks per cut. 
Current moisture content of bricks: 14 
Extruded brick weight: 4 kg 

weight cut: 840 kg/ min 
weight on a dry baSIS: 730 kg/min 

Flowrate of oil to I.e. capacity pump): 18 
per pellet : 640 

Mass of dry brick (unburnt): 
Mass of clay + coal per pellet: 2240 

coal 4.5 % 
Mass of clay/pallet: 2121 kg 
Coal per pellet: 100.8 

content 100.8"24 = 2419 MJ 
Amount of used oil required/pellet = 2419/38 kg 70.7 lit 
Ratio of clay to oil = 2121/70.7 = 0.03 ton/lit 

Flow at 18lit/min = 0.03*18 = 0.54 ton/min 

, , 
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The clay was set at a flow ± 

3B.3 Calculation of energy per brick 

Dry clay tonnage used: 83.1 
Total number of pallets produced: 
Number of bricks: 23 680 
Used oil used: 2900 lit 
Mass of used oil: 0.9 * 900= 2610 kg 

Energy used = '
1038 = 99 180 MJ/kg 

Coal equivalent = 99 180/24 = 4132 kg 

114 

to UdLJ,UH" in the flow of the clay. 

% mass coal equivalent of used oil used = 4132/ (84300+ 4132)* 100 = 4.7 

brick = 99 180/23680 = 4.18 MJ/brick of used oil. 

3B.4 Overall yield 

Total number of bricks obtained after firing: 
Total number of bricks produced: 23 680 
Percentage yield = (21250/23680)*100 = 89.7 %. 
Total waste 10.3 % 

waste at the IS between 10-12 %. 
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Appendix3C 

Operation of Multiwarn II Drager gas detection instrument 
., '4 ,;' . 

detection instrument is a multi apparatus capable of measuring 1 to 5(6) 
at a capacity per measuring channel, a pc connection, and other 

such as modern specification of the measurement location and user 
identification. It has the followmg important features: 

• 
• 

• 
• 
• 

• 
• 

• 
• 

• 

Calibration is by fresh air % O2, 0% CO and 0 COJ 
can be sampled by natural to sensors or """'1-''''''' can be drawn 

distances using an integrated pump (0.6-0.8 lit/min). 
hose up to 45 m can pump to 

during 
"' .. , .... " ...... .., are simultaneously while 

Two alarm limits channel are 
13 different, intelligent, interchangeable electrochemical sensors for measuring up to 

different gases for the electrochemical sensor ports. The sensors are 
pre-calibrated and play" sensors which can be easily exchanged or retrofitted 
the user. 
Temperature 
A data logger 
logging time can 
Data can down loaded to a 
Vision Software. 

to 15 measurements including and time. Data 
600 seconds. 

cable, can usmg 
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Appendix 4A 

Bulk-rock Sample Preparation for ICP-MS Analysis 

The was used for the preparation of the powdered brick samples for ICP·MS 

L . the microbalance to out 50 mg of sample powder into clean, small ml} 
beakers (refer to the operating manual for instructions on taring, weIghing, 

calibrating, etc.).Record the sample weights accurately on a weighing shee~. Clearly label 
the and' lids.Keep the microbalance and weighing equipment clean. 

2. the fume-cupboard pourthe required quantity ofHF/HN03 stock solution into the 

3. 

small beaker provided and, using the 1-10 pipette and a clean pipette tip, add 4 ml of 
this solution to sample. (Note: When trying to dissolve samples consisting 
predominantly of oxides rather than silicates, use 4 ml of 2-bottled 6.2N HC! instead 
of HF/HN03 at this stage. When trying to dissolve refractory' such as garnet, 
use 4 ml of 4:1 HF/HCl04 at stage, followed, down, by a of 2 ml 
of 2-bottled HCI). 

WARNING: HE, HCI, HCl04and HN03 are highly corrosive acids must be treated with 
great care. Always wear gloves and a labcoat. Always work in the jUme-cupboard with the extraction 
fan in Always turn the room ventilation {near door)totheappropriatesetting. Cleanup 

tmlneatatet'V, In case an:yacidcomes intocontactwithyourskinj immediately'WaShwithcopiolts 
consult in charge of the or a medical doctor. 

4. beakers the hotplates, allow to cool briefly, remove lids, making 
sure no droplets are on the lids. Replace the open beakers on the hotplate and 

to dryness. Carefully tap down any condensation forming on 
gently at regular intervals. 

5. 
the 100-l0001Al 'hl'h,p!'!'p 

sample. 
~ • ff 

6. Close lids tightly and place on hotplates samples are 
completely dissolved. 

7. Once the samples are dissolved, remove beakers the hotplates and allow to cool 
briefly. Open lids beakers on the hotplates. Evaporate to complete 
dryness at a temperature of (hotplate setting Carefully tap down 
condensation forming on the beaker walls and gently stir at regular intervals. 
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8. Repeat 5 to 7 . ' . 

9. the hotplates, close the lids tightly and allow to cool 

10. beaker and the 1-10 ml Mu,pt"1r ... with a clean pipette tip to add 4 ml 
stock to sample beaker. Close the lids tightly and 

to dissolve 

11. If samples don't dissolve completely on their own, place the beakers into the 
ultrasonic bath 20 minutes (repeat until the samples are completely dissolved). 

On the microbalance, tare a clean and dry, labelled, 
quantitatively transfer all the dissolved sample. 

ml centrifuge tube and 

Wash the sample beaker with 2 ml internal standard stock solution, taking care to 
collect any droplets on the beaker walls and quantitatively transfer to the centrifuge tube 
on. the microbalance. 

14. 

16. 

step 

Make up sample to 50 with internal standard 
drops of C011centl'atf~d 2-bottled HF note the accurate nr"'HTt,t" 

sheet. 

Appendix 4B 

solution, add 4 
weighing 

method for dilution of metals from oils 

Oil samples are white spirits to a 1:10 dilution on an UH-H~U, 
system. Samples are diluted in batches twenty oil samples 
diluted samples are prepared in polyethylene sample vials housed in 
spectrometer carousels. Two half carousels are normally combined 
from the instruments auto-sampler as a batch of samples. 

All diluted samples are stirred to suspend wear particles immediately prior to being processed at 
the instrument. stirred solution is pumped through a peristaltic pump to a glass spray 
chamber where nebulisation occurs. 

sample mist generated in the spray chamber is carried by an argon stream through an 
torch and introduced to an argon plasma. Immediate decomposition followed elemental 
\OA\"""""'U'H Qower and' occurs. The simultaneously 
measures the . under test 
which the on the instruments 

. , . 
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Appendix SA 

SABS Brick Specifications 
IOlluwmp SABS specification! were taken from the Brick Association, Technical Guide NO.3, January 

SA.t brick 

is dimensionally much the same as that used in ancient Egypt 
V\."'IUU wide x 73mm high. Two important criteria determined this size. it is 

human hand to lift and place in position with a minimum strain and 
the need for bricks to be modular in terms of BOND patterns. Thus there is an 

UU,U",I.>H_ relationship of length to width of 1 in length to of 3: 1, which 
direction. 

of fired day bricks 

SA.2.t Facings 

All clay bricks are classified into one of the following three classifications to aid in 
product best suited for the application. 

, : . . FBA: Face Brick Aesthetic 

section of the 

are durable day face bricks selected or produced for a highly individual aesthetic look derived 
from deliberate non-uniformity of shape and colour. 

FBS- Standard 
bricks that are durable, III SIze shape reqUlreno de<:or.:ttnre or 

size, shape colour uniformity. 

There is a 
Africa. 

variety colours, "u .......... " textures <I.""lUIL from in South 

Efflorescence 
, Should from to mc)oera depend upon the product. . , . 

..,"',,."',,.'" Compressive Strengths 

Will from 17MPa to a practical upper 70MPa, 

Average Water Adsorption 

Depending on the product, will from 5% to 
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Initial Suction rate 

Facings generally fall in the range of 0.8kg/m2.min to 
develop good brick to mortar bonding. 

. which is optimum range to 

Irreversible Moisture Expansion 

The irreversible moisture 1;:..II..I.JdU:,U 

every product 3!J1;;'-U .. ;;; .... 

clay facing ""'..lUX"" provided with technical data 

Clay are normally \w ... """,, .......... into 

Mass 

0.00% 0.05% 
>0.05% - 0.10% 
> 0.10% - 0.20% 

of moisture expansion ranges: 

The average mass of products will normally vary in the range of 2.3kg to 3.4kg per masonry 

SA.2.2 Non-facings 

Non-facing bricks been classified into one of two following catieeo 

NFP - Non-Facing Plastered 

Clay bricks that are suitable for general building which is to plastered or 

- Non-Facing 

clay 

Work Sizes 

Standard and non-standard nominal dimensions as for facings. 

Efflorescence 

Slight oel:JeIJlOlI12 on 

Average Compressive Strengths 

a lower limit 7-10MPa, to a limit of 45MPa. 

Water Adsorption 

Range from 8% to an upper limit 18%. 

as 
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Initial Suction rate 

Will range from . to an upper limit 

Mass 

As for facings, will vary in 
; . ~" 

range 2.3kg to 

Brick Strengths 

of textures and colours are manufactured or selected, with the average 
" ..... ~u" of range of facings suiting for use, in a structural sense, all the 

",,,",,.au',,,,,, indicated in the following table (see table 3) and to SABS 9. 

Tolerance on Work 

Not more than 50% of 
display more than 
when 

Average Compressive Range rom 17MPa to a 
stren th 

Compressive 

(W) (H) 

±3mm ±3mm 

to 
than slight 
when 
with 227 

"' .... ,,', .......... upper limit 70MPa 

(H) 

±2mm 

. , . 
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Loadbearing 

Units 
Min. Average 
Compressive strength of 
12 Units MPa 

10.5 
7.0 

14.0 
. 10.5 

7.0 
7.0 

External or Internal 10.5 
Supporting single or double storey 10.5 

ortin three store s 14.0 

121 ., 

Non-facing bricks are also produced with a wide of strengths Table 
2) suited to the applications in the preceding table. use in foundations, free standing or 
walls, the NFX category must be specified at the same time placing the order. 
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Appendix 5B 

Numerical code to solve the diffusion equation 

L = 0.074; 
, dx"" L/20 _ 

x = [dx:dx:L-dx]'; 
n = length(x); 

% Lengt.h of brick 
step SIze 

% x-grid points, (interior of 
% of matrices 

122 

at x = 0:'); 
'); % at ends brick. 

= %(k/(C*s»); % diffusivity 

dt 450 
g = D*dt/dx fl 2; 

% construct matrices A( + g) and A(-g) 

Ap = sparse(diag((1 + g)'~ones(n,1))- diag{ones{n-1,1), 1)'"g/2-diag(ones(n-1,1),-1)*g/2); 

= spars~(diag((1-g) "ones(n, 1) + diag(ones(n-1 ,1),1)'~g/2 + diag(ones(n-1,1),-1)*g/2}; 

zeros (n,l); 

plot(x,T); hold on 

for t= dt:dt: 1800'1-60 % For 240 min 

fO = fO + (1/45)'l-dt; 
fL = fL + (1/45)·l-dt; 

b = g'~[fO zeros(1,n-2),r20 

T = Ap\(Am"T +b); 

if fix{t/60) = t/60; 
, plot(x,T)-

axis([O 0.074 0 450] 

xlabel(' Length(m) ') 

% 

% 

start with all zeros for T 

<UU~)111l::. rate 

right hand vector b 

along the • ...,UI'.H. of brick 

plot 

ylabel{Temperature (degC)') 
Title(,Temperature Brick across x axis') 
fid = fopenCnewdata.dat',·w'); 
fprintf(fid,'%9i %4e %4e\n', T,x); 

disp('T x') 
end 

, r 

. , 
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end 
hold off 

123 , , . 

, , 

. , 



University of Cape Town

from the 

(J) °C/hr fit) 
l C 

314 0.01 414 
0.01 389 0.0009 -0.06 51.4 
0.02 0.0009 

0.0017 118.4 
227 0.04 327 0.0017 1 21.5 
210 0.04 0.0017 118.4 17.6 

294 0.0017 118.4 
1 181 0.06 281 0.0017 1 13.2 

269 0.0017 -0.85 118.4 12.3 
160 0.07 261-359 0.0017 118.4 11.8 

1 152 0.08 252 0.0017 118.4 11.7 
146 0.09 0.0017 118.4 11.7 
142 0.10 242 155-260 0.00005 0.04 -3.6 9.1 

0.10 239 0.00005 0.04 9.0 
139 0.11 0.04 -3.6 9.0 
140 0.12 240 0.00005 0.04 
143 0.13 243 0.00005 0.04 9.3 
148 0.13 0.04 9.6 
155 0.14 0.00005 0.04 -3.6 
164 0.15 264 0.0017 1 
175 0.15 -0.85 118.4 12.7 
187 -0.85 1 

0.17 118.4 16.1 
8 318 -0.85 118.4 

0.18 118.4 24.0 
0.19 0.0009 -0.06 

44.0 
544,824 0.21 401 0.0009 59.1 

0.21 426 -0.06 
454 82.4 

25.1 




