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ABSTRACT:
Thermal conductivities of refractory bricks made 

from the materials; fireclay, kaolin, siaya clay and 
Kisii soap stone have been measured. The thermal 
conductivities of the bricks in dry air at atmospheric 
pressure were determined at different porosity 
percentages and hs a function of temperature from room 
temperature to about 800°C. The effects of particle 
size distribution, chemical composition, grain structure, 
firing shrinkage, weight loss on firing, density, casting 
pressure and firing temperature for each material on 
the thermal conductivity values were investigated.
The thermal conductivity values were determined by an 
unsteady state method, the transient hot wire method 
of comparison, which is based on the model of heating 
a cylinder of a perfect conductor sorrounded by an 
infinite amount of a reference material on one side 
and on the other side the material whose thermal 
conductivity is being measured.

The porosities of the prepared bricks ranged; from 
23.3 to 56.0 per cent for fireclay, from 21.1 to 56.7 
per cent for kaolin and from 21.3 to 57.6 per cent for 
Siaya clay.
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The thermal conductivities of the refractory bricks 
increased with decreasing percentage porosity. For all 
the brick materials studied, the thermal conductivity 
values measured increased with increasing temperature. 
The rate of increase of these thermal conductivity 
values was higher at low temperatures below 500°C and 
and lower at higher temperatures above 500°C.

The results obtained from experiment were compared 
to those predicted by theoretical models of heat 
transfer in porous materials. The model of Imura et al. 
gave the best explanation of the variations.

These results are useful to designers who will 
require to calculate heat losses in refractory 
material applications.



1

C H A P T E R  O N E

INTRODUCTION:
The knowledge of the mechanism with which heat is 

transported through matter and also through a vacuum 
is important in the consideration of many applied and 
theoretical problems. Most attempts to understand how 
heat is transferred through refractory materials reduce 
to attempts to determine the thermal conductivity 
values of the refractories.

The property of thermal conductivity is of particular 
importance in the application of refractory materials 
since in many cases the ability to conduct or not conduct 
heat is one of primary functions of the refractory.
In certain parts of a furnace for example, such as the 
walls or the roof, a minimum transmission of heat to 
the outside is desired; hence a refractory with a low 
thermal conductivity would be necessary for these 
conditions. On the other hand, such parts as the 
muffles or underfired hearths require a refractory with 
a high conductivity value. It will therefore be seen 
that a furnace designer must have accurate data on the 
thermal conductivity of his refractories before he can 
intelligently select his materials or predict the 
performance of his furnace.
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In this study, a#, attempt is made to measure the 
thermal conductivities of refractory bricks prepared 
from locally mined materials in relation to the various 
conditions of use and the different ways of preparation.

The materials selected for the study were kaolinite,

Kisii soap stone, Siayaclay and fireclay. Magnesite 
and limestone bricks were also initially considered 
for the investigation, but the two were dropped from 
the list because they required a kiln that could fire 
them to their maturing temperature of about 1600°C and 
this was not immediately available. The reasons 
behind these choices were mainly due to the availability 
and the low costs incurred for the purchase of these 
materials. Except for those people who make use of 
the fireclay refractory bricks manufactured by 
Refractories Ltd. of Kahawa in Nairobi, anyone else 
in the country requiring the use of refractory bricks 
may only either import the raw material to fabricate 
them or import ready-made refractory bricks. Should 
the materials therefore prove to be applicable for 
certain thermal uses, the study will have gone some 
way in helping save some foreign exchange.

All the four materials chosen for the study are 
naturally occuring minerals. Kisii soap stone is
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mined in Kisii area of Western Kenya. This is obtained 
in the form of smooth surfaced hard greyish stones.
Its chemical composition compares well with that of 
the kaolinite mineral whose refractory properties has 
been investigated on and found to be good [1] (see 
section 5.1.1. for the chemical compositions). This 
was an added reason for its choice.

Kaolinite is mined, processed and marketed by 
Mineral Mining Co-operation (1965) Ltd. of 
Nairobi (Kenya). It is found mainly at Karatina j

in Nyeri District and in Machakos and Kitui Districts.
The fireclay used was mined from the Kitui area, while 
the Siayaclay was obtained from Siaya also in Western 
Kenya. The three minerals are mined by open cast 
methods.

1.1.0. REFRACTORY MATERIALS:
Of all the materials found in the earths crust, 

which number over one hundred, only a few have both 
the abundance and the ability to form refractory 
compounds. These are Silicon (Si), Aluminium (AS,),
Carbon (C) and Zirconium (Zr), Magnesium (Mg), Chromium (Cr), 
and Calcium (Ca). These form the useful oxides Sio«,
^ 2^3 ’ and ZrOg. The oxide of chromium is volatile 
and that of calcium is unstable in the atmosphere,
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however, they may be combined into useful materials 
such as with MgO to form dolomite or the basic spinel. 
Carbon may be used directly after graphitisation, or 
combined with silicon to form silicon carbide. 
Fortunately, many of these are found in deposits of 
sufficient purity to enable direct use. These include 
clays consisting mainly of Si and AJl, ganister mainly 
consisting of Si, magnesia mainly consisting of mg, 
dolomite consisting of Mg and Ca and chromite which 
mainly consist of cr, Fe and A&.

Contrary to the early conception that clay 
consisted of an amorphous colloid, it is now known 
from x-ray diffraction studies that substantially all 
the particles in clay are crystalline [1, 2 , 3]. Each 
atom species has a specific diameter, which in the 
case of clay minerals can be summarised as 2.64 x 10-^ m. 
for oxygen, 1.14 x 10-1<̂m. for aluminium and 0.78 x 
10”10m. for silicon. Because of its large size, the 
oxygen atom largely determines the type of packing in 
the crystal [2], the smaller atoms fitting into the 
interstices. Since the crystals are ionic, then the 
atoms are charged with the aluminium and the silicon 
atoms positive and the oxygen atom, negative. These 
are held together by the resultant attractive forces.
The building block in clay minerals is the Si-0 sheet
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shown in Fig. 1.1. and the AJl-OH sheet of Fig. 1.2.
When one sheet is transposed on top of the other, they 
may be fitted together to form the unit cell of 
Kaolinite as shown in Fig. 1.3. or with a slightly 
different arrangement to form the unit cell of dickite 
as shown in Fig. 1.4. These two minerals which comprise 
the bulk of material found in kaolin have the composition

A£2 (Si2 °5} (°H >4*

Unless there is a particular need to purify a given 
sample, refractories are prepared from raw materials 
which contain a mixture of the oxides of the elements 
mentioned above. All refractories, with an exception 
of those which are chemically bonded, are fired to 
stabilize for strength and performance by formation 
of ceramic bonds in their structure. It is a generally 
accepted view that a refractory brick should be stabilised 
at a temperature as high or higher than the temperature 
at which it is used.

Refractories have technological importance and 
are of scientific interest because of their application 
in different industries. Their use has been enhanced 
in recent years because of the increased awareness to 
conserve energy through efficient use of fuels, energy 
saving devices and insulation against heat losses.
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Their applications have been found in such areas 
like the iron and steel industry and in other non-ferrous 
producing industries such as copper and copper alloy 
production, zinc, lead, aluminium and nickel production. 
Their uses are also found in other ceramic industries. 
Here they are mainly used in firing kilns, glass 
smelting, cement and lime industry, tea drying, refuse 
combustion and in all furnaces. Refractory materials 
are also used for high pressure steam pipe ragging in 
steam power generation. Domestically, refractory 
materials have been used in wood and charcoal stoves, 
hot water/steam pipe ragging, hot water tank insulation 
and in cold storage and refrigeration.

1.2.0. PRESENT WORK:
There is a conviction that the behaviour of any 

ceramic and in this case a refractory, should be 
determined by the properties of the pure components, 
the particle parameters i.e. sizes and shapes, and the 
manner in which the components are combined in the 
end-product [1]. However, it is difficult to determine 
which of the pure components' properties and particle 
parameters or modes of combination are most important 
and even more difficult to determine how each affects 
the behaviour of the produced refractory. Much of the

• ir»**k* 'A' »
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data in the literature on the effective thermal conductivity 
of refractory materials which appear similar, based 
on volumetric concentrations and thermal conductivities 
of the constituents actually vary widely [4, 5]. Although 
some differences in the values of thermal conductivity 
reported by Kingery and McQuarrie [4] may be attributed 
to differences in the methods employed in the measurements, 
some seem to be due to other factors. Schotte [5a] for 
example compared five glass beads air systems at 
temperatures which are not far apart and at the same 
porosities and found that the conductivities differ 
by a factor of 2.4. Therefore, one of the principal 
aims of the present work is to attempt to establish 
the validity of the notion that such differences in 
thermal conductivity found in apparent similar systems 
could easily be real and that they may be explainable 
in terms of more subtle factors such as the particle 
size distribution, surface conditions of the ceramic 
bonds formed etc.

In chapter two, a review of the previous work 
related to this study has been given. The theoretical 
background to the study of the thermal conductivity 
properties of refractory materials and its measurements 
has been presented in chapter three. Chapter four deals 
with the experimental details and the techniques used
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in this study, while the experimental results and their 
discussion have been given in chapter five. The 
conclusions arrived at have been given, together with 
the recommendations for future work in chapter six.
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C H A P T E R  T W O  

LITERATURE REVIEW
2.1.0. INTRODUCTION

The importance of the property of thermal conductivity 
in the application of refractory materials has led to a 
good deal of work being carried out on its measurements 
by many investigators over the years. Therefore, a 
substantial amount of work has been reported in the 
literature on the subject.

As it has been pointed out by Godbee and Ziegler [5], 
the transport of heat through porous media follows some 
complex patterns, its literature is therefore large and 
varied,thus posing a good challege to its interpretation.
The main reason for the varied reports in the literature 
on the subject is that, different workers have used 
different methods of measurements in their investigations. 
The variations have prompted different researchers 
[5, 6, 7, 8] to work towards reconciling the different 
findings and also to try and find an accord in the various 
proposed theoretical models.

2.2.0. SURVEY OF PREVIOUS WORK ON THERMAL CONDUCTIVITY 
OF REFRACTORY MATERIALS

Notable among the works reported on the refractoriness»
of some local materials are those on the thermal conductivity 
of porous insulators, wood-ash and vermiculite [9]. This
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study tested the thermal conductivity properties of the 
materials in powder form and also in consolidated form.
The thermal conductivity values were observed to increase 
with temperature for all the considered cases. An 
observation also made from this report was that the 
thermal conductivities increased following a trend that 
was predicted theoretically by Zumbrunnen [10]. Other 
studies reported on local materials are those on tests 
on materials for woodstove linings [11] and also a review 
of the production of improved jiko stoves in Kenya [8],
A study on thermal shock behaviour has also been reported 
for cylindrical specimen made from Maragua and Nyeri clays 
[12].

Experimental results of thermal conductivity values 
obtained by Sugawara and Yoshizawa for dry sandstone 
have been compared by Brailsford et al. [13] with expressions 
for thermal conductivity of a two phase media derived for 
various types of structures, namely continuous solid phase 
continuous fluid phase and random assembly. Fig. 2.1. shows 
the variation of the thermal conductivity as a function 
of percentage porosity for each type of structure and 
for the experimental values obtained by the investigators.
The conclusions arrived at from this exercise were that; 
for a natural porous media the fluid component played 
a more important role at low porosities than would be 
expected for a purely random assembly. These authors
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attributed this to the widely differing mechanical 
properties of the two phases, which enable the liquid 
to infiltrate between solid grains, thus playing a 
significant role in the determination of the thermal 
conduct ivity.

The problem of determining the effective thermal 
conductivity of a two phase system, given the conductivities 
and volume fractions of the components has been investigated 
by Woodside et al. [14]. They compared equations which 
have been proposed as solutions to this problem to the 
analogous electrical conductivity problem. These equations 
included those of1 Maxwell [15], De Vries and Kunii and 
Smith [16]. Comparison of these equations with experimental 
effective thermal conductivity values for unconsolidated 
samples of quartz sand packs showed that; the equations 
either underestimated the effective thermal conductivity 
or gave just some fair agreement with the observed values 
over some ranges of prorosities. Nevertheless, the 
effective thermal conductivity of an unconsolidated pack 
was observed to increase with the conductivity of a 
saturating fluid. The increase was almost in direct 
proportion for the cases where the saturant conductivity 
was small relative to that of the solid. In another 
investigation [7], the same authors have reported 
measurements made for the effective thermal conductivity 
of porous sandstones. The results are compared with
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those previously obtained for unconsolidated sands. In 
all cases, the samples were observed to exhibit a lower 
thermal conductivity when saturated with a gas at 
atmospheric pressure than when saturated with a liquid 
of the same value of thermal conductivity as the gas. 
Another noteworthy observation was that the resistor 
model equation [14, 17] was seen to predict rock thermal 
conductivities which were in good agreement with those 
measured, which permits the estimation of sandstone 
conductivities from the porosities and the conductivity 
of the saturating fluid.

Thermal conductivity values of some thirteen pure 
sintered refractory oxides taken from various research 
works have been reported by Norton [1]. The values have 
been given for temperatures ranging between 200°C and 
1600°C. In all these cases,'the thermal conductivity 
values were observed to decrease with increasing 
temperature. This trend is confirmed by the Debye 
expression for thermal conductivities of crystalline 
solid materials (see eqn. 3.9). Also reported by Norton 
[1] are the mean thermal conductivity values of some 
twenty four 1 heavy1 refractories. The values are given 
over a temperature range of between 500°F and 2000°F.
For nine of these materials the thermal conductivity 
values increase with increasing temperature while in 
all the other cases the values decrease with increasing
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temperature. The values given for the apparent percentage 
porosity given for the materials does not seem to explain 
the differences in trends of variation of thermal 
conductivity values for these materials. A possible 
explanation can be given in terms of the structure of 
the material. That is whether the materials were 
homogenously crystalline or amorphous. Other thermal 
conductivity values given by Norton are those for insulating 
refractory materials over the temperature range between 
500°F and 2000°F. Of all these with an exception of 
one (3300 bubble alumina) the thermal conductivity values 
increase with increasing temperature.

Studies on the thermal conductivity of some refractory 
power materials have also thrown some light to the 
behaviour of thermal conductivity of refractory materials. 
Those that need to be mentioned are by two investigators 
Godbee and Ziegler [5]. They carried out measurements 
on MgO, AlgOg and Zr02 Powders UP to a temperature of 
850°C. Their results showed that the effective thermal 
conductivity for each of the three powders increased 
at a decreasing rate with increasing temperature and ' 
following an approximately quadratic temperature 
dependence.

Though there has been some agreement between thermal 
conductivity values obtained by some different investigators 
using different methods of measurements, the error introduced
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by each method can be considerable and has been 
considerable for much of the materials reported in the 
literature as it has been pointed out by Patton and 
Norton [18, 19]. This has also been shown in a 
comparative test by six independent investigators 
for the same material as reported by Kingery and 
McQuarrie [4]. These reports point out that the 
greatest difficulty in thermal conductivity measurements 
is to obtain heat flow patterns that coincides exactly 
with the one assumed in deriving the mathematical 
relationship. The two investigators [4] then deduced 
that the method generally used to ensure that heat flows 
in a desired path by providing heat guards to maintain 
the isothermals in a specimen and prevent extraneous 
heat flow are never perfect, and advocated the use of 
a* specimen that completely surrounds the heat source.
This study employs a similar' technique.

More work on pure refractory oxides has been reported 
by McQuarrie [20]. He performed an analysis of variation 
of thermal conductivity with temperature for alumina 
(Al2 03), beryllia (BeO) and magnesia (MgO). In his work, 
he attempted to summarise the thermal conductivity results 
obtained for these materials over the temperature range 
from room temperature to 1800°C, using five different 
methods of measurements. He arrived at the conclusions 
that the thermal conductivity for alumina, beryllia and
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magnesia has the same general temperature dependence. 
That is, a decrease with increasing temperature until 
a minimum is reached at about 1500°C after which there 
is a sharp increase. The minimum of the conductivity 
observed in this experiment which is not predicted by 
any theory was believed to be due to an increase in 
apparent conductivity at the highest temperature caused 
by the passage of radiant energy through the translucent 
specimens.

Data for thermal conductivity measurements for 
sixteen pure crystalline oxide ceramics have also been 
reported by Kingery et al. [21]. These were taken for 
temperature ranges of between 100°C and 1800°C. For 
all the polycrystalline oxides, except for stabilized 
Zirconia (Zr02) and electrical porcelain, the values of 
the thermal conductivity decreased with increasing 
temperature. The decrease being very rapid at low 
temperatures below 600°C but tending to flatten off 
at higher temperatures above 1000°C.

Some work has also been reported on the study of 
thermal conductivity of some refractory carbides and 
Nitrides by Vasilos [22]. The thermal conductivities of 
TiC, SiC, TiN and ZrN were measured in the temperature 
range of between 100°C and 1000°C. The thermal 
conductivities for these materials were observed to 
decrease with decreasing temperature.
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Luikov et al. [6] measured the thermal conductivities 
of chamote ceramics in different gases at different 
pressures. The gases that were used included air, helium 
and freon. The measurements were conducted at temperatures 
between 100°C and 450°C. The chamote ceramics used were 
of porosity of 40 per cent. In all the cases considered, 
the thermal conductivity values increased with increasing 
temperature. The rate of increase of these values was 
high at lower temperatures below 200°C, but as the 
temperature rose, the rate of increase of the thermal 
conductivity values decreased, almost flattening off 
at temperatues above 400°C.

More data showing the trends that are followed by 
thermal conductivity values for ceramics at different 
temperatures and for different textures are also given 
in different texts [24, 25, 26]. The general trend from 
most reports appears to be a decrease of thermal 
conductivity with increase in temperature for perfectly 
crystalline materials and an increase with increasing 
temperature for amorphous materials.

Many investigators have attempted to develop models 
and have come up with expressions for calculating thermal 
conductivity for various materials from the theory 
[6, 7, 10, 13, 14, 17, 20, 21, 22, 27, 28]. This has 
only been possible for cases where the nature of the 
material, the chemical composition and the number of



phases involved (i.e. liquid, solid and gaseous phases) 
are known and well defined. In the cases of fire clay- 
products, it has not been easy to establish all the above
requirements to be able to come up with one thermal 
conductivity expression for theoretical calculations.
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C H A P T E R  T H R E E

THEORETICAL BACKGROUND:
3.1.0. INTRODUCTION:

Heat may be thought of as the kinetic energy of 
motion (translation, rotational or vibrational) of 
ions or molecules. Although this concept of heat does 
not lend itself to quantitative manipulation as well 
as does that one of thermodynamics (where heat is 
defined as the amount of energy required to raise the 
temperature of a substance through a definite amount), 
xt aids greately in understanding the phenomena of heat 
transfer. It is usual to consider three methods of 
heat transfer namely, conduction, convection and 
radiation. In any transfer of heat, two or perhaps 
all three of these methods may be operative. It is 
possible however, to devise conditions whereby the 
amount of heat transferred by one of these methods is 
much greater than that transferred by the others and 
then study this case as an example of heat transfer

by this method alone.

In conduction, heat energy is transferred by the
mechanism of interaction between two particles, such

, i with a greater amount ofas ions and molecules, one witu &
. a lesser amount of energyenergy and the other with a
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in such a way that some energy is passed from one particle 
to the other. In the case of a gas, one molecule may 
strike another molecule which has less kinetic energy 
and impart some of its energy to the second molecule.
In the case of a solid, a molecule with a certain amount 
of vibrational energy will tend to transmit some of 
its energy to a neighbouring ion with less energy through 
the bond connecting them.

In convection, heat is transferred by the actual 
movement of particles with a given amount of energy 
to another part of the system where the particles have 
less energy on the average. This type of heat movement 
is only effective in fluids and may be neglected in 
solids. This investigation therefore, does not consider 
heat transfer by convection.

In radiation, heat is transferred by the emission 
or absorption of radiant energy between particles or 
surfaces. When heat is transferred between two surfaces 
OQe at a temperature T^ and the other at a temperature 
^2 by radiation, the amount of heat, Q, transferred 
Per unit area of surface in a unit time is given by

Q = Ck (T^ - Tg) (3.1.)
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where is a constant dependent on effective emissivity
and geometrical shape of the surfaces, and the temperatures

and T2 are on the absolute scale. This formula has
been derived from theoretical considerations and throughly
tested experimentally [29, 30, 31]. If an observer was
to assume that he was measuring heat transfer by a means
which obeyed the law of conduction only whereas the
heat was really transferred by radiation according to
Eqn. 3.1. he would conclude that the conductivity of

3the material increases as T . This can be seen if 
we assume that T 1 and T2 are near enough together so 
that after factorising equation 3.1. as follows:

Q =C,t(T* - T*)

= Ck(Tl)2 " (T2)2)

= Ck(T“ - T2 ) (t 2 + T“ )
%

= Ck(Ti - T2)(T1 + T2) (T2 + T2)

and approximating (T^ + T2) to be equal to 2T and 
(T^ + t 5) to equal to 2T2 , we get

Q = C.x 2T x 2T2 x CTX - T2)

= 4 CkT3 AT (3.2)
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From this expression, it can be seen that some heat 
transmitted in the form of radiation during a heat

oconduction measurement would introduce a term in T 
into the equation of thermal conduction heat as a 
function of temperature.

3.2.0. THERMAL CONDUCTIVITY:
The thermal conductivity coefficient K of a solid 

is most easily defined with respect to the steady-state 
flow of heat down a long rod with a temperature gradient 
dT/dx as:

Q = - K S  - - - - - - - - - - - - - - - - - - - - - - - - - - (3-3 >

Here Q is the flux of thermal energy, or the energy 
transmitted across unit area per unit time. The law 
states that the amount of heat flowing per second per 
unit area is propotional to the temperature gradient 
and that the propotionality constant K is the thermal 
conductivity. There has been some discussion as to 
whether or not K is a function of Q, the amount of heat 
flowing through the rod. Experimental evidence indicates 
that the conductivity does not vary with the amount 
of heat flowing [4] and therefore, equation (3.3) may 
be said to be verified by experimental evidence. The
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differential equation (3.3) applies to a small differential 
area, but in the case of a few simple shapes it can 
be integrated to cover the whole of a finite body. In
general, the integral equation has the form:

QB = - KAT; K = ----------------- (3.4)
AT

where B is a factor determined by the geometrical shape 
.of the body,

Q is the total heat per unit time flowing through 
the body and,

AT is the temperature difference of the two 
(isothermal) surfaces of the body between which the 
heat flows.

The basic equation governing the flow of thermal 
conductivity K is the Laplace's equation for heat flow 
which, as derived by Carslaw et al. [32] can be written 
as:

V(K V T) =Cpp {j| ---------------------------(3.5)

where V is the operator nabla which must be evaluated 
for the particular coordinate system used;

C is the specific heat of the material,P
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P is the density of the material 
AT is the change in temperature and 
t is the time.

This equation can be simplified by making the assumption 
that the material under consideration is homogeneous 
(K is independent of direction) and that K is independent 
of temperature. Then equation 3.5 can be written as,

V2T =
C o
K

dT
dt (3.6)

For rectangular coordinates, x, y, z, this equation 
becomes;

dT _ K . 32T 
dt "CpP 3x2

(3.7)

The equation serves as a basis for any dynamic test 
of thermal conductivity where the change in temperature 
with time at any point is measured. Actually, the 
quantity K/Cpp, the thermal diffusivity, is measured 
and the thermal conductivity derived from this and 
from a knowledge of the heat capacity, Cp» and density 
P. If the steady state is reached such that the 
temperature is independent of time, we may write;

= 0, and V2 T = 0 (3.8)
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Then, equations (3.3) and (3.4) may be employed for 
direct measurement of the thermal conductivity.

3.3.0. FACTORS INFLUENCING THERMAL CONDUCTIVITY:
The chief factors to be considered in connection 

with the rate of passage of heat through refractory 
materials are:

(a) The chemical composition of the material used.
(b) The previous heat treatment of the material.
(c) The texture or the physical conditions of the 

material.
(d) The porosity of the material and the sizes 

and the distribution of the pores.
(e) The temperature at which the material is used 

or tested.

3.3.1. CHEMICAL COMPOSITION:
A number of attempts have been made to explain 

the property of thermal conductivity on the basis of 
theoretical reasoning. It has for instance been pointed 
out that the basis for almost all considerations of 
the effect of composition on thermal conductivity is 
the Debye equation for the thermal conductivity of 
crystals [33, 34] see eqn. 3.9. This is based on the 
concept that a solid may be regarded as a system of 
coupled oscillators which transmit thermoelastic waves.
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The thermal conductivity,will then be given by

K = | p C v A -------------------------  (3.9)

where;
A is the mean free path of the wave, 
v the average velocity of the wave,
. the density of the material, and 
C is the velocity of light.

Debye considers that when the atomic or ionic groupings 
within a crystal act as oscillators or vibrators and 
if their frequencies correspond to those of the thermal 
wave, then conduction readily proceeds.

For an ideal lattice, A, would be infinite if the 
lattice interactions were completely harmonic. However, 
anharmonic terms in the lattice interactions will 
decrease A by coupling together various vibrations of 
the lattice and will give a distribution of frequencies 
corresponding to thermal equilbrium. The value of A 
will depend on the magnitude of the anharmonic vibrations 
and the wave amplitude. It thus seems apparent that 
any factor which decreases the mean free path of the 
thermoelastic wave will tend to lower the thermal 
conductivity. On the same basis, highly symmetrical
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crystals, where the vibrations are harmonic, will be better 
conductors of heat than those which are disordered or 
contain many types of bonds. Whilst this simple concept 
holds true in general, there are many discrepancies 
in experimental findings which suggest that other factors 
may be involved. Another presumption is that, since 
thermal and electrical conductivities are closely 
related, the nature of the electron linkages and orbital 
transfers play a large part in the transfer of heat 
as they undoubtedly do in electrical conduction.

Apart from the chemical composition of a material 
determining its thermal conductivity, the ratios of 
the components say the ratio of the amount of alumina 
to that of silica for a material indicate the approximate 
value of the material as a refractory. Similarly, the 
total content of alkalies in a material will show whether 
it is likely to have a high melting point or not, though 
it would not be quite safe to predict the vitrification 
temperature on the results alone. The reason being 
that, soda and potash, when in the form of felspar, 
are more detrimental to the refractoriness of a material 
than when they are in the form of mica, because the 
former melts more readily. Sodium silicate is even 
more easily fusible.

A chemical analysis is also valuable in showing 
the presence of some deleterious ingredients, such as
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(i) lime, which may destroy refractory bricks and tiles 
made of a material containing it, or (ii) ferric oxide 
which may either discolour or enhance the beauty of 
the product, depending on whether a white or red material 
is desired, or (iii) alumina, which in siliceous 
refractories greatly reduces the load-bearing capacities 
at high temperatures.

3.3.2. EFFECT OF HEAT TREATMENT:
Materials differ with regard to their thermal 

conductivity which changes with the heat treatment to 
which they have been subjected to, just as the temperature 
and the duration of firing during manufacture modifies 
other properties of such materials. The change of the 
thermal conductivity during firing follows the trend 
of the firing shrinkage.

For most clays, shrinkage starts at 550°C, 
continuing at a fairly even rate until 950°C is reached, 
where there is a sudden shrinkage corresponding to the 
change of metal-kaolin to the spinel structure.
Thereafter, there is .little shrinkage with increasing 
temperature until 1100°C is reached. Shrinkage continues 
rapidly as mullite and cristobalite form together with 
an even more fluid glassy phase until zero porosity 
is reached.



33

3.3.3. EFFECT OF TEXTURE AND POROSITY:
The influence of texture and porosity may be 

considered together because, the principal effect on 
the thermal conductivity is the relation between the 
amount of solid and of air which the heat has to traverse 
in passing through the material. Since air is a much 
better insulator than any solid material, the larger 
the proportion of air the greater will be the thermal 
insulating power of the material. Hence, a fine grained, 
close-textured material has a much greater thermal 
cbnductivity than one with a coarser open-texture. The 
relation between insulating power and texture or porosity 
cannot, however be expressed in very simple terms. This 
is due to the fact that the relation is always modified 
by the following parameters; (i) the temperature,
(ii) the size of the pores and the interstices, (iii) 
the shape and the orientation of the pores and the 
interstices and (vi) the position of the interstices 
relative to each other and the solid matter i.e. the 
distribution of the interstices.

At high temperature, if the rate of transfer of 
heat by radiation increase until it equals the rate 
of conduction through the solid, then the pore spaces 
ceases to act as insulators. With pores of 0.01 cm 
diameter, this equality of the rates of heat transfer



TH
ER

MA
L 

CO
ND

UC
TI

VI
TY

 (
X0

.0
01

44
2W

 c
m

1 i i

i 1 1 i * i ■ •
200  400  60C

MEAN TEMPERATURE, °C

FIGURE 3.1: THERMAL CONDUCTIVITY VERSUS MEAN TEMPERATURES
OF SAMPLES WITH VARIOUS POLE SIZES

The values have been equated to a bulk density 
value of 40 lb/cu. ft. in every case. The average pore 
size calculated for each specimen is shown in the 
diagram.
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should occur at a temperature of about 3600°C [24].
At low temperatures or with wider pores, the rate of 
radiation is lower than the rate at which heat passes 
through the solid material, so that the presence of 
pores in materials used at these temperatures decreases 
the thermal conductivity. At temperatures of about 
1500°C, the pore spaces lose' their insulating properties 
and transmit heat at about the same rate as the solid 
matter. This would mean that at temperatures below 
15O0°C, radiant heat transfer does not affect the heat 
conduction rate in a refractory material, and therefore, 
may be neglected in considerations of other factors 
affecting thermal conductivity.

The thermal conductivity of refractories will in fact 
not only depend on the total void space but also on 
the size and the nature of the voids i.e. to whether 
the voids are closed or interlinked. Although at first 
sight, a body with large pores might be expected to 
be more insulating than the one with small pores but 
with the same total porosity, this is not the case. In 
a system of small holes the path length A of equation 
3.9 through the solid from the hot face to the cold 
face must be far less than in the case when only 
a few large holes are present. For this reason alone, 
the conductivity of a small pored material would be

V '̂T QR,
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less than a large-pored specimen of equal total porosity 
[24]. Fig. 3.1. demonstrates this point clearly.

3.3.4. THE EFFECT OF PARTICLE SIZE:
At low temperatures and in evaluated systems, the 

ft effective thermal conductivity of refractory materials 
increase with decreasing particle size. This is due 
to increase in heat transfer through the solid. At 
elevated temperatures the effective thermal conductivity 
rises with increasing particle size. This may be 
attributed to increase in radiant heat transfer through 
the voids and in the particles [28, 35].

3.3.5. EFFECT OF SATURANT FLUID:
The thermal conductivity of a system is significanlty 

influenced by the saturant fluid within its pores. The 
presence of the saturant fluid has the effect of 
increasing the thermal conductivity of the system as 
compared to that of the solid skeleton alone [17, 36].
The effect is due to a cycle of evaporation-diffusion- 
condensation during which the heat flux is increased.
In general if the fluid wets the particles, then it 
acts as a binder and thermally couples the particles, 
thus significantly increasing the effective thermal 
conductivity.
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3.3.6. EFFECT OF TEMPERATURE
The effect of temperature on the thermal conductivity 

of a ceramic material depends on whether the material 
is dominated by crystalline or amorphous particles.

/
For crystalline materials, the theory predicts 

decreasing thermal conductivity with increasing 
temperature. This may be seen from eqn. 3.9. and 
has also been observed by experiment [5, 20, 21J . 
Experimentally, a minimum thermal conductivity at 
elevated temperatures has been observed [20, 21]. The 
decrease in K‘ for crystalline substances is due to an 
increase in anharmonicity of the lattice vibrations.
This decreases the mean free path of eqn. 3.9 by 
coupling together various lattice vibrations resulting 
in a decrease of thermal conductivity.

For amorphous granural or loose porous systems 
the values of K increase with increasing temperature.
This is because the decrease in K due to the anharmonicity 
in the vibrations at high temperatures is offset by 
an increase in' transmission of radiant energy and the 
substantial increase in gas conductivity.

3.4.0. THEORY OF THERMAL CONDUCTIVITY MEASUREMENTS•
Many different methods have been applied in the 

measurement of the thermal conductivities of different
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materials. These methods can be classified into two; 
the steady state methods and the unsteady state methods. 
Methods employing the former state were developed earlier 
and have therefore been in application longer and a 
lot of work has been reported on the subject [1], These 
methods are now deemed to have several short comings 
due to their high costs and complexity. They also 
require a long duration of time to establish the steady 
state and therefore are much slower as it has been 
pointed out by Takegoshi et al. [16, 38].

In steady state methods, the specimen is subjected 
to a temperature field which is time-invariant, and 
K is determined directly by measuring the rate of heat 
flow per unit area and the temperature gradient at the 
equilbrium state. The most commonly used steady state 
methods in the study of thermal conductivity of 
refractory materials are: (i) the high-temperature 
method described by Norton [18, 19]. In this method, 
a uniform parallel flow of heat is set up normal to 
the faces of a slab and the quantity of heat flowing 
is measured by a water calorimeter on the cold face 
of the specimen. The temperature gradient is calculated 
using the temperatures of the hot and cold faces of 
the specimen together with the thickness of the specimen, 
and (ii) the radiant method where heat is generated
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#inside a hollow cylinder and the temperature drop in 
the wall measured to obtain the temperature gradient. 
‘Other methods are, the Northrup method, the guarded 
hot plate method, the heat flow-meter, the guarded hot 
box method and the prolate spheroidal envelope method 
[39, 40].

In the simplest form, for a steady state apparatus, 
a sample of uniform cross-sectional area is supplied 
with a heat flux, Q, at one end at a known rate. This 
heat is removed from the other end which is connected 
to a heat sink. Thermometers are attached to the sample 
at intervals separated by a distance L and the temperature 
difference AT between any two of them is measured. Using 
eqn. 3.3, the thermal conductivity, K, is then calculated 
from the expression;

Q = K A • -------------------------------- (3.3a)

where;
A is the cross-sectional area of the specimen,
Q is the heat flux,
L is the distance between the two points
K is the thermal conductivity, and

Q
AT is the temperature difference between the two 

points.
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Then provided the temperature range is/mail, the value 
of K thus calculated corresponds to the mean temperature 
of the two thermometers considered.

The most common dynamic methods are the hot wire 
method [16, 38], the hot strip method [16, 41, 42] and 
the flash method. In the flasn method, the front face 
of a thin disk sample is supplied with a flash of energy 
from a flash tube. The temperature-time history at 
the rear face is recorded. From the knowledge of the 
sample thickness L, the time (t) at which the back face 
of the sample reaches half its maximum value, the thermal 
diffusivity k is determined. The thermal conductivity K may then 
be calculated from the relation

K = k C p P (3.10)

where:
CP is the specific 

sample, and
heat capacity of the

p is the density of the sample.

In this study, the unsteady state, the transient 
hot wire method of comparison described in Section
3.4.1.1. was employed. The hot strip method mentioned 
above is quite similar to the hot wire method described 
in the next section, except that it uses a thin metal 
foil in the place of a thin wire for a heat source.
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3.4.1.0. THE TRANSIENT HOT WIRE METHOD:
The transient hot wire method, in which an infinitely 

long thin wire inserted in a material is heated stepwise 
by an electric current at time t = 0, and the thermal 
conductivity, K, of the material of constant density, , 
and specific heat capacity, C , determined from the 
temperature rise of the hot wire has long been 
attracting attention for its rapidity and simplicity.
The method was suggested theoretically by Schleiemacher 
[16a] as early as 1888. The possibility of measuring 
the thermal conductivity experimentally based on this 
principle was first tested by Stalhane and Pyk [16],
For a difference dT of the temperature of the wire and 
its initial temperature, they found that: ,

2x*
dT = A ? *.n(-£ + B) -------------------- (3.IX)ft t

where;
Q is the heat production in Watt/cm
2r is the diameter of the wire in cm o
A and B are constants, and
t is the time in seconds.

The empirical formula of Stalhane and Pyk was 
mathematically deduced by Van der Held and Van Drunen 
in 1932 [43], The two investigators measured the



thermal conductivities of liquids, and the errors caused 
necessarily by experimental apparatus were examined 
theoretically in detail. They found that in order to 
find a simple solution of the fourier differential 
equation at stationary circumstances and for the case 
that the temperature depends only on one coordinate, 
the thermal conductivity is given by

dQ = - K (is dt (3.12)

where s is the surface area and with the following given 
boundary conditions:

r = 
t *

= 0 ;
r - 0 
t < 0

-27rr constant

The third boundary condition being a simplifying 

assumption.

The solution to this mathematical problem is;

= -2- 1 -E. 4irk ' i
4kt
2r

) I (3.14)

where;
E.l

oo

•a
exp (-x) dx = - Cj- - &n x + ■=■£«L • JL •

2-2L- +2 .2 ! » (3.14)
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anc* Cg = 0.5772 is the Euler's constant and k is the 
thermal diffusivity given by Eqn. 3.10. If r2/4kt is 
very small, - E^ (-x) can be described by the terms 
“Cg- &nx only; then the temperature at the surface 
of the wire would be given by

T = 4 n  ( *n (̂ } ” ° - 5 7 7 2 ) ------------ (3.15
r o

A comparison with the emphirical formula of Stalhane 
and Pyk give the value of A = 0 .2389/4tt log^e = 0.04377, 
which is indeed a constant and was found to be in good 
agreement with experimental determination [43]. However, 
B is not in general a constant since it is given by 
B = - 0.5772 log1Qe+ log1 04k. To avoid this difficulty, 
the difference in temperature at two times is taken.
Then the following expression is obtained.

O 4 k tAT(r,t) = T(r,t) - T(0) = 4^  *n (~2“ } ---- (3.16)r y

where;
Y = exp CE,andCE = 0.5772 the Euler's constant 

measured by monitoring the resistance of the wire in 
a wheat stone bridge as described by De Groot et al.
[44] .

This relation is the base of the non-stationary
method of measuring thermal conductivity. We see that
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eqn. 3.16 has a linear relationship in AT versus Ant 
coordinates. Thus by recording the temperature history 
at the surface of the wire half-way along its length 
and plotting AT against Ant, we find Q/47rK is equal 
to the slope of the straight line, from which K, the 
thermal conductivity may be calculated, knowing the 
quantity, Q of the heat passing through the wire. More 
contributions to the theory of the hot wire method have 
been given by Nieto De Castro, Blackwell, Fukui etc.
[16, 44, 45, 46, 47].

3.4.1.1 . THE TRANSIENT HOT WIRE METHOD OF COMPARISON: 
This method has been developed from the transient 

hot wire method; and it has been used by Takegoshi et al.; 
for instance to determine the thermal conductivity of 
orthogonal anisotropic materials such as laminated 
materials [16, 38]. To determine the thermal conductivity 
of a solid, using this method, the hot wire is sandwiched 
between two similar plate type specimens. However due 
to the difficulty in contacting closely the two specimens 
because of the thickness of the hot wire it has become 
more desirable to previously fixing the wire on one 
of the specimen. These are then conveniently used as 
a kind of probe and measurements may be started 
immediately on placing it on any plate type specimen.
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Takegoshi et al. [16] have shown that if the material 
on which the hot wire is fixed has a thermal conductivity 
value, K^, and another plate type specimen with which to 
sandwich the hot wire has a thermal conductivity Kg, 
then the thermal conductivity equation for the arrangement 
is;

K2
Q dint
2 7i .dT' ■ / K (3.17)

Then if is known, it may be used as a reference 
material for determining the thermal conductivity 
values of other materials. This method of determining 
values of thermal conductivity of materials employing 
the use of a known value of thermal conductivity of 
a reference material is referred to as the transient 
hot wire method of comparison.

3.4.1.2. TIME CORRECTIONS:
In deriving equation 3.17 some assumptions are 

made. For example, it is assumed that (i) the 
materials under consideration are very large (infinitely) 
and that the hot wire is infinitely long, (ii) that 
the hot wire is very thin i.e. the thickness of the 
wire is infinitestimal and therefore the volume of the 
wire may be ignored,, (iii) that there is no thermal resistance
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at the boundary between the hot wire and the material 
and between the two materials, (iv) the thermal

t

properties such as the thermal conductivity or the 
thermal diffusivity of the material do not change with 
temperature, and (v) the hot wire is placed exactly 
at the boundary of the two materials.

The errors involved due to the above assumptions 
have been theoretically studied by Van der Held [43] 
and other workers [47, 49]. For example, Knibble 
[50] showed that the end effect error, which is the 
error that arises due to the hot wire being finite, and 
there being a cooling effect at the ends, can be ignored 
since it can be kept very small by having the right 
dimensions of the probe.

Due to the uncertainity in fixing the time at the 
beginning of reading the temperature-time data Van der 
Held et al., [43] have shown that, if the total 
correction time is tQ , and the temperatures of the 
surface of the hot wire at time t^ and t2 are and 
T2 respectively, then we may write equation 3.12 as;

= 4ttK In (3.18)
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considering the correction time t , then we may write 
equation (3.18) as;

T _ T = Q i,n C ^ + ° ) a2 Ll 4ttK Qt, + t ' (3.19)

The reciprocal of the derivative with respect to t is

dt = (t + tD) ----------------------- (3.20)

Plotting dt/dT against t yields a straight line with 
a slope Q/4ttK. This straight line cuts the t-axis at 
-t . The plot permits us to determine t and not 
necessarily the value of the thermal conductivity K, 
since by graphical differentiation, we get a spread of 
points which is not admissible. The value of tQ thus 
obtained is then used to correct the undifferentiated 
curve.

3.5.0. THEORETICAL MODELS FOR PREDICTION OF THERMAL 
CONDUCTIVITY VALUES OF HETEROGENEOUS POROUS 
SYSTEMS

In all attempts to derive an expression for 
calculating the thermal conductivity of a heterogeneous 
matrix system, the authors have started by considering 
the following. That the system is composed of several 
constituents, one of which is a continuous matrix within
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which other constituents are embedded in the form of 
particles or fibres, this distribution being uniform 
or at least statistically uniform.

Maxwell [15] suggested a formula for calculating 
the electric conductivity of a heterogeneous system 
consisting of a homogeneous isotropic medium filled 
with spherical particles of another substance that are 
separated by distances much greater than a particle 
diameter. Euken used this expression for calculating 
the effective thermal conductivity K from the thermal 
conductivity of the matrix and of the filler and 
the volumeric fraction of the latter, to obtain the 
expression referred to as the Maxwell-Euken formula; i„e.

. V •*

' - ‘ if.

Ke Km
Kf + 2Km ~ 2<Km - Kf>Vf 
Kf + 2Km + (Km - Kf»Vf

'TT&g-. %i:?r-
(3.21).‘4 3>- J • -

Burgers and Fricke [51] applied the Maxwell theory to 
a similar model, in which the non-reacting particles 
are of ellipsoidal shape and found the expression 
called the Burgers-Fricke formula ■ _

K
K V + YK- V. m m  i t

ef V + YV_ m I
(3122)

where y is a coefficient which is a function of the
c

te Jiff
JT ' ' •?;

’ J iS f e
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the particles. For spherical particles, one should 
assume that;

2K + K„ m f

There is also, the Gorring-Churchill formula 
pertaining to systems containing spherical inclusions 
[ 6 ].

Ke 2 + 5 lKm - 2Vf ( 1
Kf

" KmK K „ K „m 2 + Km +  v f ( 1
fKm

(3.23)

The Wiener formula which is applicable for all 
inclusions and especially extended to the cases of 
ellipsoids appears as follows:

Ke
K + 2K„ e f K,, + 2K i m

(3.24)

Odelevskiy [7] examines a heterogeneous matrix 
system with a filler in the form of equal-diameter 
particles. On the basis of the formal coincidence 
between differential equations for steady flows of 
heat, electric currents and electromagnetic induction, 
Odelevskiy derived the expression;
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Ke Km 1 +
Vf

+
- Km

(3.25)

An expression differing significantly from 
the foregoing equations was suggested by Bruggeman 
[51]. The discrete filler in the Bruggeman model is 
taken to have the shape of plate particles, ellipsoids 
and spheroids. The Bruggeman formula for spherical 
particles has the form;

Kf - Ke
1 * Vf = K 7 ^ T Tm

K 1/3 
( -SI \ ̂ K ' (3.26)

Another approach to the derivation of an expression 
to predict the thermal conductivity coefficients of 
these systems has been to assume that all the inclusions 
distributed oyer the system may be replaced by one 
large cube shaped pore. Starostin [8] on sub-dividing 
the elementary cell Fig. 3.2 by isothermal planes, 
perpendicular to the heat flux direction obtained the 
following expression for the effective thermal 
conductivity of the system;

Ke
1 + y ^ 3 (ot - 1)

Km ! + (Vg - V3/3)a - l ’ m
(3.27)
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where and are the thermal conductivity coefficient 
of the host material and of the inclusions respectively, 
and Vg the volumetric fraction of the inclusions. This 
was for all models with isolated inclusions.

For the same model, but deviding the cell by 
adiabatic planes parallel to the heat flux direction, 
Missenard [8] derived the expression;

K Km 1+* V 1
_ i)

1 - Vv 3 (1 - Ag v a
(3.28)

This was for the case of large volumetric concentration
• •

of cube-shaped inclusions located in the nodes of a
cubic lattice and > K. .g m

A. Loeb [39], using a model with staggered 
arrangement of cube shaped .inclusions and adiabatic 
subdivision of the elementary cell, obtained the 
expression

1 vg + 1 V +• g _£ a

....

(3.29)

urV*<W • 'i>-
In addition to spherical and cube-shaped Anclufeipas, ^

• .,*• * v istudies have been carried out for inclusions in the shapes 
of cylinders, ellipsoids of revolution, pyramids, 
rhombehedrons etc., all located at the nodes of a

.if*. " v ««•
Ay,...V*
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cubic lattice. The effect of the shape of inclusions 
is taken into account by an additional characteristic, 
the shape factor. Loeb suggested that for a structure with 
voids as inclusions the effective thermal conductivity is;

K = K e m 1 - V * v.
('

1 - V.
g

V K___g g. t
4oeT C gT

l-l
--  (3.30)

Latter a model of a structure with interpenetrating 
components was suggested by G.N. Dul’nev [6, 7, 8].
It consists of two interpenetrating cubic lattices made 
up of bars with constant cross section Fig. 3.2.

FIGURE 3.2: Model of a Structure with Interpenetrating 
Components (a) the Model (b) the Unit 
Cell [8].
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He came up with the following expression

---  (3.31)

Where Cg= l/h is a geometric parameter (Fig. 3.2b) 
related to the volumetric fraction V given byo

vg = 2 C l - 3Cg + 1

Luikov et al. [40] used the same model to derive 
a similar relationship.

K = K e m + a( 1 - C^)2 + ctGp. + (1 — Cg)

K
Km (h/L) 2 + A

+ a( 1 - h / L +
1 + h/i + j----- (3.32)

ah/L

Here L = l + h and the value A expresses heat transfer 
through contact and gas microgap at the place of 
contact of two particles, and with no thermal 
resistance at the joint of two particles, A = 0 .

Zumbrunnen et al. [10] also used a unit cell 
model Fig. 3.3 to derive the expression;

K = i + A ( ^ )  + i8 i_ ( M  +K 8 m

+ (1 +A) (Vh Kt ” 1+ ) rv <j>
-1

(3.33)
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where;
(1 + 0) rf-£-f An(l + 0) + 1]

0 An(l + 6)

and where 6 is related to the porosity p by

2and V is the dimensionless parameter, 4eo6T /Kffll a is

v

the Stefan-Boltzman constant, 0 = &/6,  ̂being the 
effective length for conduction across the pores and 
& the characteristic pore size, e is the emissivity,
^ • 0 or 1 if the jpores are interconnecting or closed 
respectively and A is the average number of pores, 
contained in the heat path.

Conductance Model.
FIGURE 3.3: Characteristic Geometry of the Thermal

Pore

Solid
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Imura et al. [2S] have also derived 
^or the thermal conductivity coefficient 
porous materials Fig. 3.4.

Bond

an expression 
of sintered

FIGURE 3.1: The Heat Transfer Mechanism lor a
Sintered Porous Material I 28].

They assumed that the heat transfer mechanism as shown 
by the arrows in the figure is devided into two main 
paths. In path A, iieat flows only through the series 
path of the solid phases of the particle and bond, and
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i

Path B, where heat flows through a path of the solid 
phases of the particles and the bond and the gas phase 
in the voids. They came up with the expression for the 
effective thermal conductivity coefficient;

K = (1 - S) KmVn + V b  + KfVf

T< V Kn, + ^  + > < 3  + 3  + £  > + d^)(l-5)2
K *b K,

m

+ 5 (3.34)

where;
C = effective heat conduction area of mechanism of 

the heat transfer model/total heat conduction
area.

U « Effective thickness of the bond in mechanism A .

T

of the heat transfer model/total heat conduction
distance.
Effective distance of the series arrangement

„ * •#* *• _ u %% •
$

part in mechanism B of the heat transfer model/ ~ /*?- *<-r*
total heat conduction distance.

^  is the thermal conductivity of the band, 
volume fraction of the band,
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= vb - eu
and

V' = V - 5(1 -M) •m m

i

• .-jg,
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C H A P T E R  F O U R

EXPERIMENTAL DETAILS:
4.1.0. INTRODUCTION:

In this chapter, the procedures used in the 
characterisation of the materials in terms of parti'ie 
sizes, chemical composition and porosities are gi^n. 
This is followed by a description of the techniques 
used lor sample preparation and for thermal conductivity 
measurements.

4.2.0. CHARACTERISATION OF SAMPLES

4.2.1. GRAIN SIZE ANALYSIS
Many methods exist for determination of particle 

size distribution of disperse* specimen |5d, :»•!, ..>5].
The merits and demerits of each method depend on the 
dominant particle size in the sample, the state of the 
sample, the desired accuracy and the time available.

By m i c r o s c o p y , the size, shape, morphology and 
colour of the sample may be descerned. The main 
disadvantages of this method are human fatigue caused 
by sizing large number of particles at a time, and the 
difficulty of sizing powders with a broad spectrum of 
particles. Because of these limitations microscopy
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was not used to measure size distribution of the 
materials under study.

4•-•1.1. SIEVING
This method is used to analyse particle sizes larger 

than lOOum. A set oi' 500um, 250um, 200um, and 125um 
arG arranged and set up in order ol decreasing mesh 
■sizes with I he coarsest at (.he top. 100 grns oi (lie 
hry sample are weighed and placed on the top sieve and 
the stack gently shaken avoiding spillage. Alter 10 
minutes, Lhe  material remaining in each sieve is removed 
and weighed. These are then recorded as a percentage 
°i the initial sample weight. The results are then 
Plotted as a cumulative percentage frequency curve.

1 - -  - 1 . U . . S E D IM EN T A T IO N  :

This method i s used to analyse the liner .sediments 
with particle diameters oi less that 100 urn. lhe method, 
unlike the sieve one which employs direct measurement 

particle diameter, is based on Stokes law ( 53J , which 
rolates the diameter of a sedimantary particle with 
its velocity of fall through a viscous medium like water.

About 10 grns of the dry sample is weighed. This 
together with 10 mis of 0.6 per cent calgon (sodium 
hexametaphosphate) , used to defloculate the powder,
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are placed in an Andreason pipette apparatus and the 
level raised to the 600 mis mark by adding distilled 
water and shaking for five minutes. Ten mis of the 
mixture are then successively drawn, using a pipette, 
the first one drawn immediately after shaking and the 
subsequent ones after 3, 6, 12, 24, 48, 90, 150 and 
240 minutes. The particle diameters are then calculated 
from the equation

d
*18nv__

L(ps - Pi)sJ
(4.1)

where v is the .terminal velocity reached by the particles 
and may be written as v ® h/t, and/ h is the height 
fallen in time t, n is the viscosity of water, pg is 
the density of the solid, Pi is the density of water 
and g is the acceleration due to gravity. The particle 
diameter values thus obtained are then plotted on a 
cummulative percentage curve.

•*
4.2.2. PHOTOANALYSIS , . V

The shapes of the grain structures for the materials
> * ••

used to make the refractory bricks were obtained by 
observing the materials under a Carl-Zeiss transmission

fir

microscope. Photomicrographs of the observed structures . 
were then taken using a camera fitted to the microscope. '

‘•4 Jt**’ *•
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The colours observed'in the materials also gave some 
information regarding the mineralogy of the materials.

4.2.3. CHEMICAL ANALYSIS
To determine the chemical compositions of the 

materials, the samples were first dried and ground 
in an agate mortar to obtain a very line? powder. The 
samples wore l.hen digested by lusing them first t.o 
ensure that the silica components would dissolve in 
acid solution. Fusion was accomplished by mixing the 
sample intimately with an acid flux of potassium 
bisulphate (KHS04 ) and heating until the mixture was 
molten. This was then first cooled and then dissolved 
in hydrochloric acid (IIC1). The chemical analysis was 
then carried out, using gravimetric methods and also 
the atomic absorption spectroscopy method as described 
in various text [24, 56, 57, 58],

4.2.4. MEASUREMENT OF SHRINKAGE ON FIRING
The shrinkage on firing of a clay is of interest 

because, the greater the shrinkage, the greater the 
difficulty in holding the finished tolerance. Also, 
high shrinkages enhance the danger of cracking in the 
kiln. In general, the more compact the formed brick, 
the lower the shrinkage. This compaction may either
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be inherent in the used material as lor example flint 
^iay, or it may be produced bv high pressure.

Marks ol' length 10 cm are made on the surface of 
the brick in the green state, before firing. The lengths 
of these marks are then measured again after the bricks 
are fired. The shrinkage on firing is then determined 
lrom t.lie? difference between the two measured lengths.

•*•^.5. MEASUREMENT OF WEIGHT LOSS ON FIRING
The weight loss on firing is an important 

characteristic for refractory materials. It includes 
(i) loss of hygroscopic and absorbed water (ii) loss 
of water of hydration and absorbed water (iii) loss 
of colloidal water. These three are for the most part, 
removed by boating up to J20°C for long periods, say 
1~ hr:;. and are usually classilied as the loss ol 
moisture, (iv) loss of combined water, which is part 
of the structure of minerals, (v) loss of carbon 
dioxide or carbon monoxide lrom the burning of 
carbonaceous materials or the decomposition of 
carbonates (vi) loss of sulphur dioxide and sulphur 
trioxide from sulphur compounds, such as pyrites, 
sulphates, etc. Hydrogen sulphide (H2S), may 
sometimes be evolved, and (vii) loss of various other 
gases and volatile substances present in the material.
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The weight of a sample of the raw material is 
measured before being placed into a porcelain c.ruci 
These are then placed into a kiln and fired to 
The weight of the sample is again taken. The weight 
loss is then calculated as the percentage of the original 
weight alter calculating the difference between the

two weights.

I.2.G. CAVITY AND roROSI T Y J I E A ^ ^
THE MATERIALS IN GRANNULAK I‘ORM

•n«r*i fic gravity, of the To determine the true specific g
inr form the density bottle materials in the grannular lo .

. • thP British standards manualmethod, described in the
. .. firqt mround into

[59], was used. The material is .
a lino powder in an agate mortar

n . .-toDper were first (.leaned, The density Dottle and -'-toppe
. . • h ri (w ) A sufficient quantity of thedried and weighed

r rlll the bottle is Placed in it and
dry powder to half l1 . f (.h> . . A /w ). The weight of the
the bottle is again welg e 2 ._ w ). The bottle was then
powder is thus given by (w2 1 .

. freed from all air- Satisfactory
filled with water and fr .

H hv evacuating the air and then 
results were ensured y . ,

With distilled water, which had 
filling under vaccum wi

-te dissolved air bubbles and then
been boiled to eliniin flowing

j, nir Excess water overflowing
cooled in the absence of air.
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through the stopper is removed with tissue paper and 
the bottle and contents weighed (w3). The bottle is 
then emptied, cleaned, refilled with distilled water 
and re-weighed (w4 ). The volume of the bottle is 
(w4 ~ W^)/P , where p is the density of water or any other 
fluid used at the temperature of test.

The true specific gravity may now be calculated 
from the formula

(w2 - 2x)p
(w4 - w1) - (w3 - w2)p

(4.2)

From this value of the specific gravity, the 
porosity of the granular- material may then be 
calculated from the expression

P = 1
w.

VT  Cs Ym
(4.3)

where n is the relative volume of solid particles ofS* .
dry samples, Wd is the dry weight r VT_ is-the bulk 
volume of the sample, G g the specific gravity of the 
sample and Ym the unit mass of water.

4 o2 .7. POROSITY MEASUREMENTS FOR THE BRICKS
- - ..... i->-- -UThe porosity of a body is the total proportion• • • “ * 1 r,T * .

of the air space contained between the solid particles
:*r r:* -rftf'

"  ̂/ >- ■ ' ♦
•.<. - ■* . ,.. . ■“V '.*i’ V "»*■rX*. —V'-'i"'-"’—  • • . 'M- ’ V . ■' 'T—

50 '  ■ ' ' .  '  - •  '  ’ • yf-Sr VS ts tT '’
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of which the body is composed. The pores in a body 
may be categorised into six different types 160],
(a) closed or 'sealed' pores, (b) channel pores 
connecting separate pores, (c) blind alloy pore
(d) loop pores, (e) pocket pores - some with narrow 
necks; and (f) microporcs, which are so small as 
not to be filled with a liquid in any ordinary period 
of soaking. To these may be added the continuous 
pores which runs, perhaps with a complex path, 
one external face of the body to anothe 
shows these types of pores.

in experiment these different kinds of pores
„ ♦ nf results when the porosity of aproduce? two sets ol resui

. (., ) The true porosity, andmaterial is determined. *l •
is theThe true porosiL.v(b) the apparent porosity.

, ,, . ,11 voids. both open andratio between the volume <
total volume of the body. This

closed pores and the nr for that matter, any
means that, any closed por

fine that liquid cannot penetrate
open ones which are so

-is void spaces in the
into them will not cou
determination of apparent porosity.

h d of carrying out the determination 
The usual method

. .„ the British Standards 161J, is to take
as described in tn

+ 1 e-i zed test piece which is thoroughly a conveniently slZ
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FIGURE 1.1: VARIOUS KINDS OF PORES

KEY: (a; Closed or 'sealed' pores.
(b) Channel pores connecting separate pores.
(c) Blind alley pores
(d) Loop pores.
(e) Rocket pores.
(f) Micropores.
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dried and then weighed (wd). To make sure that liquid 
completely fills all unsealed pores, the piece is 
immersed into boiling water for two hours. The saturated
sample is then weighed in air to give the weight w bys
suspending it from a thread attached to the arm of a
balance. Finally, the weight of the sample when immersed
in water (w„^) is measured, aq

The weight of the liquid absorbed is given by 
(ws - w^) gm. provided that water (density - 1) is 
used for immersion. This figure is also the volume 
of the open pore spaces in cubic centimeters. The total 
volume of the test piece is (wg - waq^» the weight
’lost' on immersion in water, so that the percentage 
apparent porosity (P), by volume is given by

W — YVp = ----s----d_ x 100 ------------------ (4.4)
<ws - waq)p

where p is the density of the liquid used, which is 
equal to 1 for water.

4.3.0. PREPARATION OF THE BRICK SAMPLES:
The specimens used in the investigation were in 

the form of refractory bricks. These were made from 
locally mined samples of the materials listed in 
section 1.0.0. Except for fireclay which was obtained
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both as a raw clay and also as ready-made bricks from 
Hefractories Kenya Ltd. . all the other materials were 
obtained in the form of raw clays and therefore, had 
to be molded into bricks.

Also required for the preparation of the refractory 
bricks were1 the organic binders Dextrin and Starch.
These we re preferred to the inorganic binders because 
the organic binders burn oil during tiring o1 the bricks, 
thus leaving behind only the original material to be
investigated on.

4*3.1. THE MOLD:
The mold for use in producing the refractory bricks 

was made? as compared to standard sizes ot splits ol 
cubic dimensions; \ ~ 230 mm, 13 = 11-1 mm and C - .32 mm
( 62j see Kig. -1.2.

The material used lor making the mold was mild 
steel of thickness 6.0 mm. A metal sheet of the same 
material was then cut to size and fixed with a handle 
such that it could slide into the mold to iacilitate 
pressing of the bricks, see Eig. 4.3.

4.3.2. MIXING AND PRESSING:
The recommended water (moisture) content for wet

(
pressing is one of twenty per cent (20%) by weight [24]
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i

B=114 mm

FIGURE 4.2:
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11*1 mm

'FIGURE ‘1.3: THE MOLD
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and is the one that was used for the preparation of 
the bricks. The binder material was applied m  the 
form of a twenty per cent solution prepared by boiling 
say 20 gms of dextrin powder in 100 mis of water.

After thorough mixing, the wet mixture is molded 
into cubic bricks, using the mold described in 4.3.1.
The pressing was done using a Denison hydraulic pressing

\ nn.t;surc or 1000 ps 1 was machine (model 1113 / m /<*/)• P
applied.

4.3.3. THE IIEAT TREATMENT:’
of the brick preparation process The Last stage of the

the refractories. After
was the firing or baking ° ti. hricks in this "green state
pressing and molding,

• ,ht in an oven maintained at a were dried overnight in t n t*xpe 1 the, MO°(’ This IS to txp>-
temperature of about -• kiln because
moisture which is undersirable m

,n„t;nir elements.this may spoil the heating
0 then arranged in a kiln whose 

The dry bricks wer 200°C. ,-nv raised at intervals of 200 C 
temperature is gradually hours until a temperature five hourt», « after a duration oi i1 This is the temperature at which
of 1150°C is reached.

sintered to form the ceramic
the materials must hav
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4.3.4. PREPARATION OF SAMPLE^ OF VARIED POROSIT_
The method that was used to vary the porositie 

at the bricks was by introduction of varying proportions 
of saw-dust in the material durinK mixinB. The saw-dust 
used was first sieved to obtain fine samples usin, a
sieve of standard KauRe size number 20 (see fiB- 5.5).

r ririne the saw-dust 
This had the effect that during

u. n(,rc?s. i.bus increasing 
burned oil' leaving behind °P(-
the porosity of the brick p r o d u c e d .

4.4.0. THERMAL CONDU£nVIIX--M£ASUnE —
. t h o t  wire method c o m p a r i s o n ,  wh

The transient hot ^ ^  ^  was (>mployed to
theory i s  d e s c r i b e d  i n  s e c t i  , Gf

thema1 c o n d u c t i v i t y  values
d e t e r m i n e  the e f f e c t i v e  thema 

e t e r m i n c  _ ^ ^  :;hows the a r r a n g e m e n t

the  b r i c k  m a t e r i a l s .  F l K ’ ' i n i t i a l l y
a t u s .  The  method  was

of i he experimental apP‘l . ■ of„ i conductivities oi
„ t he t h e r m a l  c.onuu

developed to measur . • thermal
,l s e d  t o  m e a s u r e  the

solids and has b een  Qf orthoBonal
t h e  p r i n c i p a l  axi

conductivity alone inated plates [53],
■ 1c such as anisotropic materia
• s a n d w i c h e d  be tw een  a plate-shaped

The hot wire 1S r e f e r e n c e  material whose
i enpcimen andexperimental spe ^  ^  reference material

thermal conductivity ^  ^ material of thermal



73

.

i' I (.. i . i A l i l i  ANGL 'MI . 'N ' T  O I ' K X P T H  I MKN 'T.M.  A P P A K A T i : : :  ( T h o r m a i  

n r n l i c  a n d  i t : :  n r n i i t r y  )
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conductivity values given by 0.72 + 0.001 Im m
h'1 °c-i , where Tm is the average absolute temperature 
of the glass plate. To ensure good contact between 
the two plate-type specimens and the hot wire, the 
specimens were pressed together by means of G-elamps.
The h o t  wire used was o f  m a n g a n i n  m a t e r i a l  o f  circular

v. o * mm The Length oi the cross-section oi diameter
hoi. wire' was 230m the same as that o l  the. ••*P
E l e c t r o d e s  w e re  t h e n  I i x e d  a t  b o t h  e n d s  o f  the  hot

• .. i r p q i s t a n c e  m e a su re d  in a d v a n c e  
w i r e  a n d  t h e  e l e c t r i c a l  r

u/-irh the standardto ensure it exactly compares 

resistance.
Wire a thermocouple

At the m i d d l e  o i  the
_ +VP) versus nickel of nicke1-constant (positive,

<- n r s d o t . w e l d i n g .
. _ . c i v n d  1)v m eans  o l  s p
( n e gg. t i  ve  . v <3 ) w a s  l 1 • . .J-ae navi? no, . . U i t j  i . i i i l f m d o o u p l l 1Care i>: i.:ik«n mo i-Urff- is a gap at the Junction, r r t here ib ,-L gap tiotween them. 11

t h r o u g h  the hot wire. rmwinc tnruub* voltage due to current H o  i.
htracted from) the e.m.l. of 

would be added to (or subtrac
, The thermocouple leads are then

the thermocouple. ■+„l thermocouple thermometer,
fed i n t o  an  e l e c t r o n i c  dig

■ ■ „ temperature measurements to a precision
capable of giving P .fpr has an in-built cold junction 
of 0 1°C The thermomet

thereby eliminating the use of an external compensator thereby
cold junction.
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x

To determine the power input to the hot wire, the
current, I. through the wire was measured by means ol

H in series with the hot wire, an ammeter (A) connected in
ru.ta hrvt wire was measured while the voltage, V, across the hot

by means of a voltmeter connected across

To ensure that the readings taken are free from 
effects o, wind currents, all readings were made wit

the specimen inserted into the Iurnacc
„ i.- free from wind because the inside of the furnace t.>

relatively more stable than the
currents and thereiore

tomnerature measurements,
•»«!■>«• ™  t M  r M „ir.d
temperature of the furnace was broug

taken to ascertain that the
temperature, care being • which

. .it this temperature,
temperature has stabilise , through

.. \ current is then pas.^c
took several hours- , headings,t a step wise voltage pulse•
the wire by giving • when the voltage

r t time, t.,arc then taken ol tne watch. Also
f a digit2--1-pulse is given, by means o ^ ^  ^  surface of the

recorded is the temper measured by^responding time t,
hot wire, at the c then used as

These results ar
the thermocouple* .. 4 i i. to calculate

3 ..1 .1 * 0 and d.a.J--
described in section- values.
the thermal conducti
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C H A P T E R  F I V E

EXPERIMENTAL RESULTS AND DISCUSSION:
5.0. 0 INTRODUCTION:

The Factors that affect the effective thermal 
conductivities of refractory materials were discussed 
in chapter three. In this chapter, the findings of 
the investigation into some of these factors are 
given, and t.he results discussed.

5.1.0. SAMPLE CHARACTERISATION:
The materials used for this study are listed in 

section 1.0.0. In the form in which these materials 
were obtained, they were not characterised in terms 
of their chemical composition, mineralogy, grain sizes 
and t.heir distribution, specific gravity and porosity. 
The following are results obtained from the 
characterisation tests.

5.1.1. CHEMICAL ANALYSIS:
Tables 5.1 - 5.4 give the percentage proportions 

of the different compounds identified in the test 
samples. The percentage compositions obtained for 
samples collected from different sites varied slightly 
and therefore the values given in the tables are the



calculated averages. The percentage propotions are 
used in section 5.5.1. in the calculation ot the 
theoretical effective thermal conductivity values ior 
the purposes of comparison with experimental values 
obtained (see section 5.5.1)

TABLE 5.1: KAOLINITE

1

1 Compound Q u a n t i t y  ( a g e )

SiO, 4 4 . 8 1

A 1 2 ° 3
3 6 . 7 9

F e 2 ° 3  !
1 . 5 8

MgO 0.21

CaO j 0 . 7 1

Nao0 0 . 4 2

Kn 0 . 4 2

Ti0o 0 . 9 7

»
L o s s  on i g n i t i o n I

1 3 . 8 9
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TABLE 5.2: FIRE CLAY

i Compound Quantity (r.L age)
f

Si°2 66.60
! A12°3 21.02

Fe2°3 2.85
Ti°2 0.01

to O cn 
i

0.24
CaO 0.01

; MgO 0.01
j MnOi 0.01

Na2° 0.87

NO o 0.10
Moisture content at 105°C 0.70
Loss on ignition 7.46

\
TABLE 5.3: KISH SOAP STONE

Compound j Quantity age)
Si02 46.42
A12°3 35.73"
Fe203 0.29-
MgO 0.05-
CaO 0.04
Na20 0.64
K2° 3.81-
h9o 7.70
Ti02 1.67'

Loss on ignition 3.65-
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TABLE 5.4: SIAYA CLAY

5.1.2: MTNERALOGICAL ANALYSIS

Table 5.5 
t.ho materials 
discnption oi 
identified in

(rives the mineralogicai 
rested. The tables tfivr
the samples and also the
the sample.

analysis oi'
the physical 
mineral
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TABLE: 5.5a: Mineralogy

Sample Kaolin Fire Clay
Description of Sample White-greyish powder Brownish Clay

Mineralogy Kaolinite Fire Clay

Formula Al2(Si205)(0H)1 Alo0,j. 2SiO,,. 2H,,0 
+ Ke^O„ 2.85*.

TABLE 5.5b: Mineralogy
------ --------
Sample

T----
S iayaclay Kisii Soap Stone

Description
i

Reddish brown 
clay

1! Grov Stonei

Mineralogy Common Clay China Clay

Formula A12(Si2°5)(OH)4 
+ 5.18% Fe203

Al203.2Si02.2H20

The chemical composition tests and the mineralogy 
tests show that both kaolin and the Kisii soap stone 
mainly consists of granite which has decayed without

/
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much movement from its original site. The two are 
compounds of silica, alumina and water, plus traces 

lime and the alkalis. The brownish colour present 
in fireclay is due to the presence of iron oxide of 
about 2.85%, in this case. Siaya clay was observed 
to be the common clay containing a percentage of iron 
oxide ) of over 4%, which makes it look reddish.

i

5 -l-3. OPTICAL CHARACTERISATION
The optical characterisation of the materials 

was done using a Carl-Zeiss transmission microscope.
The results show that kaolinite is composed of an 
approximately uniform distribution of particles that 
have shapes close to spherical ones (Fig. 5.1).
Fireclay has a similar distribution of particles but 
here? the grains are much larger Fig. 5.2. This means 
that it is easier to make bricks of lower porosities 
for the case of kaolin. This is due to the fact that, 
the larger the particles, the larger the interparticulate 
pores. Fig. 5.3. shows an agglomeration of small particles 
to form large ones in the Siaya clay material. This 
shows that it is possible to obtain molded bricks of 
very low porosity from this material. The naturally 
occuring Kisii stone was crushed and the powdered material 
thus obtained observed as before under a polarising
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microscope (Fig. 5.4). The particles arrange themselves 
in a thread-like fashion. This type of arrangement 
would enhance conduction along the threads while 
reducing conduction in any direction that crosses the 
threads.



FIGURE 5.1: A PHOTO MICROGRAPH OF THE KAOLINITE
MATERIAL X 80. It shows an almost uniform 
distribution of almost spherical particles 
or a 1omeration of particles.

,
i



FIGURE 5.2: A PHOTOMICROGRAPH OF FIRECLAY X 20. It
Shows relatively large particles which 
implies the presence of large interparticulate 
pores in molded material.



FIGURE 5.3: A PHOTOMICROGRAPH OF SIAYACLAY X 20. It
shows agglomeration of small particles 
to form large ones. This predicts low 
porosities in the molded materials.
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A piioToMlOnOCfiAPH OF POWDERED KISH  DOAF

STONE. ^  snows thrend-iiue pattern* of
rp̂ is pattern predicts an enhanced

conductivity along the grain threads and a 
relatively low conductivity along any 
direction that crosses the grain-threads.
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5.1.4. PARTICLE SIZE DISTRIBUTION
For the fire clay material, the sieving method 

[see section 4.2.1.1] was used to size the samples 
due to the presence of particles of relatively large 
sizes. For kaolin and Siaya clay, the sedimentation 
method [see section 4.2.1.2] was used because the two 
were essentially powders. The Kisii stone was obtained

yin the form of the naturally occuring consolidated
material. This material was just cut to the required
shape and fired in the same form. Since the material
was never in the granular form, no particle size
analysis was performed on it.

. «

Figs 5.5 - 5.7 shows the distribution curves for 
the particle sizes of the above three materials. For 
each of these materials, the particle sizes at the 
first quartile, the median and the third quartile marks 
are listed in table 5.6. For a given sample, the median 
particle size is considered as the representative 
characteristic size for the sample.



w-.



FOR KAOLIN



d/Mm

FIGURE 5.7: PERCENTAGE r^ p gT7F AGAINST PARTICLE DIAMETER

por £IAYACLAY
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TABLE 5.6. Mean Particle Sizes at the first Quartile, the 
median and the third quartile marks.

Sample First
Quartile (mm) Median Size (mm) Third

Quartile (mm)

Fire Clay 0.22 0.52 0.95

Kaolin 7.25 x 10-6r. 1,575 x 10"5 2.175 x 10"5

Siaya Clay 1.75 x 1CT-6 5.5 x 10"6 1.35 x 10"5

5.1.5. SPECIFIC GRAVITY AND POROSITY MEASUREMENTS 
FOR THE MATERIALS IN GRANULAR FORM

The specific gravitys and the porosities of the 
materials in granular form were determined as described 
in section 4.2.6. The results are presented in table 
(5.7).

TABLE 5.7. Specific gravities and porosities of the materials 
in Granular form.

Sample Specific gravity of material in granular 
form

Porosity of the material in 
granular form

Kaolin 2.65 0.837

Fire Clay 2.50 * 0.898

Siaya Clay 2.55 0.859
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The large grain sizes found in fire clay Fig. 5 . 5  

explains the high porosity observed in the materials 
in this granular form. T h i s  p r e d i c t s  b r i c k s  of h i g h  

porosity for those prepared from this material (see 
also section 5.1.4) Kaolin and Siaya clay have lower 
porosities in the granural form. Thus it will be easier 
to make bricks of low porosities from these materials.

5.2.0. EFFECT OF FIRING THE MATERIALS TO DIFFERENT 
TEMPERATURES

Though changes that take place during firing of 
less perfectly crystalline kaolinite or fire clay are 
somewhat different from those of pure well-crystallized 
kaolin, the observations are quite similar.

When crystalline kaolin is slowly heated, nothing 
happens until 450°C is reached, at which point there 
is a loss in weight of about 14 per cent and a heat 
absorption of 170 Cal per gram. Beyond this temperature, 
the structure changes from kaolinite 0H^Si205Al2 to 
meta-kaolin Si4Al4014. At about 950°C there is a sharp 
evolution of heat and a new crystal phase appears having 
a spinel (Al4Si3012) shape (see Fig. 5.8). Above 1050°C, 
this structure gradually breaks down into an amorphous or

Fie: 5.8 shows the variation of thermalcy 1 a ocw nhfl c:p _
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conductivity values of the kaolin material with firing 
temperature (see also appendixes Figs. A 5.1 - a 5.3)

5*3.0. EFFECT OF CASTING PRESSURE
The pressure applied during molding of the materials 

into bricks was observed to affect the porosity of the 
bricks. However this is not an effective way of varying 
the porosity because a large variation in casting pressurer
produced a very small change in porosity. The more 
effective way of varying the porosities of the bricks was 
by using saw-dust (sec. 4.3.4). For pressure to affect 
the porosity appreciably, may be it would have to be 
applied throughout the firing process.

v-

Table 5.8. shows the values of the porosities and the 
thermal conductivities for two fireclay bricks, one which 
was prepared by hand-pressing and the other one by machine 
pressing at 1000 psi. This difference in casting pressure 
brought about a porosity difference of 0.1 per cent only. 
The resulting difference in thermal conductivity was 
0.001 wnf1 °C “1.

PERCENTAGE THERMAL“CONDUCTIVITY
POROSITY AT L55°C (WM-1 °C-1)

Hand pressed brick • 44.5 0.865 + 0.043
Machine pressed brick 44.2 0.866 ± 0.043

TABLE 5.8: THERMAL CONDUCTIVITY AND POROSITY VALUES FOR
TWO FIRECLAY BRICKS; ONE PREPARED BY HAND 
PRESSING AND THE OTHER ONE BY MACHINE PRESSING
AT 1000 psi 0
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5.4.0. EFFECT OF POROSITY VARIATION

The variation of the thermal conductivity with 
the percentage porosity for the fired bricks followed 
patterns shown in Fig. (5.9) and also in the appendices 
Figs. A5.4 - A5.5. The percentage porosity for Kisii 
soap stone could not be varied because this was only 
available in the form of the naturally occunng stone 
which was cut to size and fired in the same lorm.
Each of the figures show the variation of the thermal
conductivity with the percentage porosity for two

u i„u, 900°C and the other one above temperatures, one below 2UU e an
■r th.rmal conductivity were observed 600°C. The values of thermal

creasing values of percentage porosity to decrease with increasing
. „t here that the method of varying It may be pointed out here

., - . o f  the bricks as described in sectionthe porosity oi tne
i o-ive oorosity ranges of between (4.3.4) could only S 1 P

na- Bricks of low porosity 20 per cent and 50 per cent.
+ make whiie those with very high were not easy to make

i onH very hard to handle, porosities became too weak and very

.. ™  thermal c o n d u c t i v i t y5.4.1. EFFECT o f MOISTUH---i
.T ntFFERENT VE R C m ^ ^ S m ^ .

The effect of moisture on the effective thermal
. the bricks was investigated, by conductivity of tn ,i conductivities of dump bricks

neasuring the therm
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oi different percentage porosities at room temperature. 
It can be seen from figure (5.10) and also from 
appendices Figs. A5.6 - A5.7 that the effective 
thermal conductivity of moist bricks is higher than 
that of the dry sample. The increase of thermal 
conductivity by the presence of moisture may be 
explained by the fact that the presence of water in 
the pores of the material increases the mean free path,
A » of the Debye expression Eqn. 3.9 thus increasing 
the effective thermal conductivity.

5.4.2. COMPARISON BETWEEN EXPERIMENTAL RESULTS WITH 
THEORETICAL PREDICTION OF THE VARIATION OF 
THERMAL CONDUCTIVITY WITH POROSITY 

As it was pointed out in chapter two, very little 
has been reported in the literature on the thermal 
conductivity of sintered refractory bricks. Even less 
work has been reported on the theoretical calculations 
for thermal conductivity of such materials. More 
attention has been given to the thermal conductivity 
of pure crystalline or amorphous matGrialS or for 
mixtures of either consolidated or unconsolidated two 
or three phase systems which are well defined in terms 
of manner of mixing and nature of the mixture [6, 7,
8, 10, 13, 14, 17, 27, 51, 63 - 66]. Brailsford and



PIGURE 5 -10: THERMAL -CONDUCTIVITY AGAINST P e r c e n t  a nt? „ n„ TTT

FOR KAOLIN DRY AND WET SAMPT.Pa «T ?n.r QF 
PERCENTAGE MOISTURE CONTENT nr o1 r
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Major [13] have derived an expression for the effective 
thermal conductivity, K of a three phase mixture 
°f constituents of known thermal conductivity values 

and K9 and of volumetric propotions V , and
V2 » as '*

Ke
K Vo o

3K+ K V -----—1V1 (2K +Kn o 1
3K+ K V ----—z v2 2K +K o

Vo + V
3Ko

2K +Ko 1
3K.. ____o_

+ V2 2K +K0 o 2

(5.1)

assuming that the phase with thermal conductivity Kq 
is the continuous phase.

Figs. (5.11, A5.8, A5.9) show the comparison of 
the theoretically obtained values with those obtained 
from experiment. The experimental values are in 
general lower than those obtained from theory.
This difference may be attributed to differences 
between the assumptions made during the derivation 
of the theoretical expressions and the actual situation 
in the refractory brick. In the derivations, for example, 
the particles that make up the system are assumed to 
be arranged as a random distribution of solid spheres 
in a continuous medium which is not exactly the case 
for the materials used in this study as may be seen 
from Figs. 5.1 - 5.4.
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5-5-0- EFFECT OF TEMPERATURE ON THERMAL rnMnnrTTVTT,,
The variation ol the eflective thermal conductivity 

oI the refractory bricks with temperature is shown 
in Figs. (5.12, A5.10, A5.ll, A5.12). A lamily of 
curves for thermal conductivity values for each materia] 
forgiven porosities is shown, except for Kisii soap 
stone where' the porosity could not be varied.

For temperature:; below 500°(' tin* values ol thermal 
conductivity art* observed to increase with temperature 

a steady rate. At. higher Lcmpcrature, the* rate 
°i increase ol thermal conductivity with temperature 
rcduces. This could bo attributed to the fact that 
a t. higher temperatures, there is more vigorous vibration 
° 1 particles making up th<* material . This would result 
in tin* reduction ol tin* mean !»•*■«• path ol the heat 
wa\c transmitting tin* heat, resulting to ;i decrease 
in the rate oi increase of heat conduction.

5 - 5 . 1 .  COMPARISON BETWEEN EXPERIMENTAL RESULTS WITH
t i i o s j : t h e o r e t i c a l l y  p r e d i c t e d  FOR Till-: VARIATION

OF THERMAL CONDUCTIVITY WITH TEMPERATURE 
To compare experimental values with those 

calculated irorn theory |G|, the admixtures of Fe^O^
TiO,, and other components that make up negligible 
inaction in the volume were neglected s o  as to
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consider t h e  s o l i d  b a s i s  ( s k e l e t o n )  as  a two  phase  

system consisting of s i l i c o n  d i o x i d e  ( S i O ^ )  and
n . . / a i o ) It is then a s s u m e d  w?a. lum x n x uni oKxdt? ( A I > ■ x L

.... i ■« n t h i s  c a s t 1 SiO.,  , f o r mscomponent greater in v o i u r

i_  ̂n u n a r t i c l e s  o f  t h e  s e c o n d ,  
a c o n t i n u o u s  med ium m  w h i c h  p a n i c

smaller i n  v o l u m e  p h a s e  a r e  d i s p e r s e d .

n ) t h e r m a l  c o n d u c t i v i t y  
The- t e m p e r a t u r e  dependence-  o l

...... i -, | c i l i a  ! r d  ur.ni ; :  t h i 
o l  t h i n  t w o  p h a s e  s y s t e m  wa -  c.U<

r c - l a t i o n s h i j )  t>J O d e l e v s k i j  I

K = Xsio2S

VAL,; ° 3

] - J -  VA I , ,o;{

---- (5.2 )

hALvOy,i - ---“--
Kaio,,

i condiK'i ivnv.... .... i he thermal <on(,uwiierc I. n- ei
' V a i  and Vy j 11.. a . "  tin, i he hr i cl. . x A 1 2°h 

s k e *Io ton oI t n , A 1 0 . and SiO respectively.
volume propotions ° 2 d Ai o

r»r c r v s t a l l i n e  A I 0U,
K A i 2 o „  t h e  t h e r m a l

dala as Obtained Iron, re I I 201 anc 
whose appropriate - ^  0 j amorphous SiO,
K s i o e  I--- t h e  t h e r m a l  c-ond 

Whose data IS Jounil m  re I I <> I •
expression h . 2  wen- compared

The results obt.u • + un«_-.. fMVtui n\ tn», rmiIt. similar 1 " t h o M  - and i ound to I" Q i i. i c; n-1 v(• n a . 
i n  I r e l a t i o n  w h i c h  i- -

Max wo 1 1 - l i u k e n
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K = s

1 - Ksi02/KAl2°3 
1 + 2\;a i 203 2Ksi02/KAl2°3 + ^

1 - KsiOo/KAl2°3
1 V A 1 2° 3  2 K S i O o / K A l 203  + 1

KSi02 (5.3)

f. Vai«Oq and VSi0v haV(? thelerci Kg, Ksi02 > KAl2,03 ’ A1- d
urn* meaning as J11 •

+ i n  t h l . c a l c u l a t i o n  was the
The n e x t  stej) *n

i th<- effective thermal conductivity 
’termination o connecting pores,
r the brick. Sine, the materialobtaino(1 ior the determination
llnev relation two-c.omponent disperse

, ] ron ductivit\ o1 the* thcrmaJ con , Q
( s r r  s e c t i o n  ^ > w a s,, n \ -i n,r por( •• o s t e i n  w i t h  c o n n e c t i  „

i l i o w m g  1 ° rni • sod in t h< ■ ^

= K d 1 s ij
lud +h,^ -i V ( 1 - 4 }(rj p

h / | ii \2\ r (1 " lp i J
T 11 ] -  v~”
1 L P

(5.4)

. r in tqn. 0.2, 1- is the 
,  h a .  t h e  same m e a n in g  a s
Kc n i.nrv ceil (particle'. • . si/.(■ o! an e l e m e n t a l  cel

ctcristK ratio k /I.,
(. a c t i o n  2.0.0 ) and X,, >• g "

I„„ ...... -  " d” t,v" i” ~ ‘
•« .... a ,  d ■" l"" ™ict i v 111C s

of the brick.
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T h e  e f f e c t  o f  r a d i a t i o n  i n  t h e  p o r e s  o  1 t h e  m a t e r i a l s  

m a y  b e  b e s t  e s t i m a t e d  u s i n p  t h e  r e l a t i o n  i n  R e f  [ 1 3 ] .

2 „ _ 3  . ________________________________  ( 5 . 5 )
K  =  2  l C T  x
g  n n r e  s i z e  a n d  « t h e  e m i s s i v i t y1L b e i n g  t h e  c h a r a c t e r i s t i c  p o r e

, C a l c u l a t i o n s  u s i n g  t h i s  i o r m u l a  l o r  t h e
o i  p o r e  s u r f a c e .  L a l c u i

... c o n s i d e r e d  u n d e r  t h i s  s t u d y  s h o w e d  t h a t  . 
t e m p e r a t u r e 1 r a n g e . -  c o n s i

, r a d i a t i v e  h e a t  c o n d u c t i o n  in t h e  p o r e s  
t h e  c o e f f i c i e n t  o i  r a d i a

, n r r c . c n  I ol t h e  n i o i e c u i n r  h e a l  
w a s  n o t  m o r e  t h a n  1 • l

c o n d u c t i o n .

n  r n o )  d a t a  i s  p r e s e n t e d  o n  t h e  
I n  t a b l e s  ( 5 . J  - * • .

f the? h e a t  c o n d u c t i o n  c o e f f i c i e n t s
t e m p e r a t u r e ?  d e p e n d e n c e ,  o

, nf t h e  b r i c k s  i . e .  K a I q O m  a n dOI t h e  s k e l e t o n  components oi t h
■ r ^ 0  I oI t h e  a 11 f i l l i n g  

K S i O v  Obtained I r on, r c i s  I-. ’
tt calcuiated v a l u e s  oi tin t e m p e r a

t h "  P ° r e ’ t , „  h(, „  c o n  d u e l  i 0,1 -  n  , - , e m  s  o  , t h -
d e p e n d e n c e  e  f t h

skeleton K . UI1(I tn
(. J j c'Ct 1 V-• tlierma ! conduc t i vi t\

oi the.* materials-
a , A 5 1 5 )  s h o w  t h e  c o m p a r i s o n

r  . / 5 i 5 , A  5 . 1  5 , A  a .
R ; "  ' . n t a l  a n d  t h e o r e t i c a l i y  c a l c u l a t e d

b e t w e e n  t h e  e x p o r i m c n  ^  ^  t h c r r o a , c o n d u c t i v i t y

value.1', for the vaiiatio exprrimental value:
i n  g e n e r a l ,  t n

w3th tempcratui. • ,cuJilted ones except
t h e o r e t i c a l  I \ oaic.

ar< l o w e r  t h a n

for Kisif s o a p  s t o n
a j ;{ w h e r * '  th«* c a l c u l a t e d  

(> 1 i g  • *

i
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T a b i c  5 . (J : Compur

values
those 

k a o l i  n

1Ron between therm
u l conductivity

ob t a i n o d  i r
oin experiment am

j rom 
brie

theoretical precli

k oi p o r o s i t y .  •

e t i o n  l o r  a 

_ 3 8 . 6  p e r  cent..
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Tub |,. Comparison \)C 1 we<’i) t norma i 1 hi due i i vi i y

v a l u e : 1 o h  t a i n t
,(l i rum experiment iand thos<

1 rom t h e o r e t i c a l  pi
odiction.-. tor a iireclaj

b r i c k  o l  p o r o s i t y
. p = 3(J.:> por cent.
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1 K0

Wm~loC“^
Tempe
rature
°C

k a i 2o 3
Wm“^°c-1

^si02 Ks
Wm“ioC_1

^Calc 
Wm“  ̂°C_1

^expt
WirT^C”1

0.0265 27.0 32.5 1.28 2.113 0.885 0.868 ± 0.043

1 0.0340 127.0 23.6 1.53 2.442 0.930 0.913 ± 0.046

0.0460 327.0 1 14.3 1.72 2.574 1.020 1.002 l 0.050

0.0574 !527.0 |I 10.0 2.05 2.833 1.125 |1.078 1 0.o54

0.0684 :
i

727.0
1

7.7 1
i
2.91 3.576

i
1.23" 1.144 i 0.057

ConipP- F i  spn between therma J conductivity 
values iron) experiments and iron, 
theoretical predictions ioi a Siayaclay 
brick o.I porosity I* - 38.1 per cent.
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Ko
Wm_loC-l

Temperature°C
KAl203
Wm”  ̂°c_-

iiKsi02
.j Wm“^°C“^1

KsWm“  ̂°C“^
KCalc 
Wm— ̂ °C_1

*vexpt
Wm“1°C"‘1

0.0265 27.0 32.5 11.2b 3.429 2.290 2.206 ± 0.110

0.0340 127.0 23.6 . 1.53 3.827 2.428 2.365 ± 0.118

0.0400 230.0 17.6 : 1.65 3.849 2.548 2.518 i 0.126

0.0460 327.0 14.3 1.72 !3.869 2.667 2.682 i 0.134
2.830 1 0.147

0.0525 1436.7 11.n 1.8*. 3. 7 *>«
0.0574 1527.0 10.0 .2.05 !3.858 2.953 2.990 1 0.150

i0.0625 613.3 9.0 2.36 4.076 _ 3.100 ± 0.155

0.0667 693.A 8.1 i 2.73 >4.286 3.220 i
\

0.161
1 ? 9] 4.364 3.309

0.0684 727.0 7.7
0.0700 700.0 7. 4 3.10 4.458 - 3.302 i 0.165

0.0729 819.0 6.7 3.48 4.561 - 3.343 i 0.167

Table 5.1b: Compa n  son between
t h e r m a l  c o n d u c t i v i t y *

experiment and those
values obtained Iron, 
lron, theoretical prediction lor a

K l s J  , w „ »«<>"■■ " * « *
1> =  7 . C l per c:en t .



A CALCULATED VALUES

E X P E R IM E N T A L  DATA

—i----------- 1----------- 1----------- 1----------- 1----------- 1-----------1—
100 200 300 400 500 600 700

TEMPERATURE, °C.

i

i

“1—  
cm

13: THERMAL H ' ' ” r T I V I T Y  AGAINST TEMPERATURE FOR S IA Y A  CLAY OF POROS ITY  p = 3 8 .4 %
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Ill

v a l u e s  f a l l  b e l o w  t h e  e x p e r i m e n t a l  on es  b e tw e e n  ab o u t  

3 0 0 °C and  6 5 0 ° C .

A t  l o w  t e m p e r a t u r e s ,  b e l o w  600 °C  b o th  t h e  e x p e r i m e n t a l  

and t h e  t h e o r e t i c a l  c u r v e s  i n c r e a s e  a t  t h e  same r a t e  

and  t h e  d i f f e r e n c e  b e t w e e n  t h e  two  was l e s s  than  10 

p e r  c e n t  . T h e  d e v i a t i o n  be came  o n l y  marked  a t  h i g h e r  

t e m p e r a t u r e s ,  a b o v e 7 0 0 ° C .  T h i s  may be e x p l a i n e d  by 

a t t r i b u t i n g  t h e  d e v i a t i o n  o f  t h e  t h e o r e t i c a l  c u r v e  

t o  t h e  l a r g e  c o n t r i b u t i o n  o f  t h e  r a d i a t i o n  t e r m ,  w h i c h  

d e p e n d s  on T 3 , t o  t h e  t o t a l  h e a t  t r a n s f e r  f o r  h i g h e r  

v a l u e s  o f  T ,  i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n .

* T o  e x p l a i n  t h e  d i f f e r e n c e  f u r t h e r  one  s h o u l d  c o n s i d e r

+ . . „  hno b e en  r a i s e d  by Imura e t  a l .  [ 2 8 ] ,
t h e  p o i n t  t h a t  nas

• n + ori mlt that in order to calculate These authors have pointed out
. • . , m a t e r i a l s  t h a t  ha ve  s i n t e r e dt h e  t h e r m a l  c o n d u c t i v i t y  o f  m a t e r i a l

,  t n  know t h e  n a t u r e  and t h e r e f o r e  
on f i r i n g  y ou  n e e d  t

•4-,, o f  t h e  sint e r e d - g l a s s y  bond 
t h e  t h e r m a l  c o n d u c t i v i t y  o f  t h e  s i

4-n r i  nc  o f  t h e  b r i c k  t o  h o l d  
t h a t  i s  f o r m e d  d u r i n g  m a t u r i  y

. In  t h i s  s t u d y ,  i t  i s  l i k e l y
t h e  p a r t i c l e s  t o g e t h e r .  1

i 4-hn+ are formed are such that the glassy ceramic bonds that arc
. , mnrP amorphous, since the

that they make the materia
t h e  l o w e r  i s  i t s  t h e r m a l

l e s s  c r y s t a l l i n e  a m a t e r i  ,

conduct i vity.
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C H A P T E R  S I X

CONCLUSIONS AND RECOMMENDATIONS:

6 • 1 • 0 .  CONCLUS IONS :

T h e  s t u d y  has  be en  c a r r i e d  o u t  t o  I n v e s t i g a t e  t h e  

t h e r m a l  c o n d u c t i v i t y  o f  refractory  b r i c k s  made f r o m  

K a o l i n ,  F i r e c l a y ,  S i a y a c l a v  and K i s i i  s oa p  stone? unde r  

h i i t e r e n t  e x p e r i m e n t a l  c o n d i t i o n s .

T h e  m e a s u r e m e n t s  w e r e  made i n  a i r  a t  a t m o s p h e r i c  

p r e s s u r e  w i t h i n  a t e m p e r a t u r e  r a n g e  o l  about. 15 C t o  

8 0 0 ° C  u s i n g  t h e  t r a n s i e n t  h o t  w i r e  method  o l  c o m p a r i s o n .  

The  f o l l o w i n g  c o n c l u s i o n s  w e r e  made.

1 . The'  t r a n s i e n t  hot. wire? me thod  ol c o m p a r i s o n  i s

s a t i s f a c t o r y  l o r  t h e  d e t e r m i n a t i o n  of t h e  e f f e c t i v e  

t h e r m a l  c o n d u c t i v i l y  o f  r e f r a c t o r y  b r i c k s  p r o v i d e d  

a o o d  t h e r m a l  c o n t a c t  i.-. e n s u r e d  he.  wee,,  t h e  hoi

w i r e  and t h e  m a t e r i a l s .  l b i - ' ; i s  a s  31 m,,J b<' 

o b s e r v e d  i r on ,  t h e  r e s u l t s  o f  t h e  m ea su r e m en t s

t h a t  w e r e  c a r r i e d  out. l o r  the* tw o  p la . i .  p i  t e

• a i r hnnp  as  t h e  r e f e r e n c e  o f  t h e  same m a t e r i a l  and -diapf  •

. , i n y r n i '  l o s s  t h a n  o p e j  
s p e c i m e n .  An e x p o r i m e n t a I  (

c e n t  was  c o n f i r m e d .

l o r  a l l  t h e  m a t e r i a l s  t e s t e d ,  

c o n d u c t i v i t y  w e r e  o b s e r v e d  t o

t h e  v a l u e s  o f  t h e r m a l  

d e c r e a s e  w i t h  i n c r e a s e
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i n  p e r c e n t a g e  p o r o s i t y  F i g s .  5 . 9  -  5 . 1 0 ,  A5.4 

A 5 . 7 .  T h i s  v a r i a t i o n  o f  e x p e r i m e n t a l  d a t a  was in  

g o o d  a g r e e m e n t  w i t h  o b s e r v a t i o n s  made by B r a i l s f o r d  

e t  a l . [ 1 3 ]  .

C o m p a r i s o n  b e t w e e n  e x p e r i m e n t a l  d a t a  and v a l u e s  p r e 

d i c t e d  by D u l n e v ' s  r e l a t i o n  i o r  t h e  d e t e r m i n a t i o n  

o f  t h e r m a l  c o n d u c t i v i t i e s  o f  two  component  

d i s p e r s e  s y s t e m s  w i t h  c o n n e c t i n g  p o r e s  i o r  

d i i i e r e n t  p o r o s i t i e s  showed th»* t h e o r e t i c a l  

p r e d i c t i o n s  g i v i n g  s l i g h t l y  h i g h e r  v a l u e s  than 

t h o s e  o b t a i n e d  f r o m  e x p e r i m e n t ,  F i g s .  5 . 1 J ,  A 5 . S ,  

A 5 . 9 .  The  d i f f e r e n c e  may be a t t r i b u t e d  t o  t h e  

i n c r e a s e  o f  t h e r m a l  c o n d u c t i v i t y  va luers  p r e d i c t e d  

by  t h e o r y  at e l e v a t e d  t e m p e r a t u r e s  due t o  t h e  

c o n t r i b u t i o n  o f  t h e  r a d i a n  I heat  t r a n s m i s s i o n .

This increasi■ is novortholes:: somehow oUsct 
by tin- lower a nt,' ol therma I conduct i v i i y du.- to 
increased a n h a r m o n i c i ty of the vibration a. these 

temperatures.

,nncidered the values o 1 the In nl ] the cases considered,
t v  t o r  t h e  r c i  ra n . o r y  h r i ck . s  

t h e r m a l  c o n d u c t  i \ 11.\ Joi

i i i ivi n r e  sen c e ol m o i s tu r e  in 
w e r e  i n c r e a s e d  »>> t i n  P r(

in a 5 (> A 5. / , • I h i s means that them. (Figs- o.30. Ao. •
mo i s t ,  b r i c k s  b e come  

t h e r e ! o r e  no t  s e r \ e

b e t t e r  heat  c o n d u c t o r s  and 

w o 2 j jn h e a t  i n s u l a t i o n

ma \

a p p l i c a t i o n : . .
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G

The thermal conductivities for the bricks of all 
the materials studied were observed to increase
w i t h  i n c r e a s i n g  t e m p e r a t u r e ,  ( F i g s .  j . 1 ~ ,  A 5 . 1 0

, • oop of these values with
A 5 . 1 2 ) .  The rate of increase o
t e m p e r a t u r e  was  o b s e r v e d  t o  be M g h c r  a t  t e m p e r a t u r e s  

below 5 0 0 ° C  t h a n  a t  h i g h e r  t e m p e r a t u r e s  wher e  th e

. H t h  r isc- in  t e m p e r a t u r e .  T h i s  
r a t e  d e c r e a s e d  l t d  - .

, v a r i a t i o n  o f  t h e r m a l  c o n d u c t i v i t y
o b s e r v a t i o n  o f  h

j n  pood  apreoi r .cn'  w i t h  tho .
w i t h  t e m p e r a t u r e  J •■ t t e

, ( 6 ]  i o r  t h e  c h a m o t t e

o b t a i n e d  by  L u i k o v  e t  a K i n c e r y
, t h o s ( . o b t a i n e d  by kingery

ceramics and  a l s o  w i t  i
. [ 4 ]  t o r  f i r e c l a y  b r i c k s ,

and  M c Q u a r r i e  l J J

,n t h e o r e t i c a l  p r e d i c t i o n s  o l  

A c o m p a r i s o n  b e t w e c i  t e m p e r a t u r e
. conductivity

v a r i a t i o n  o f  t h e r m  l o r  most
tsll findings shou

and  t in*  e x p e r i m e n  n s i d t r c d  m  therang'1 (jU
p a r i  ol th<- t e m p e r '  | v a l u e s  were

i i v  p r e d i c t - 1

s t u d y ,  t h e  t h e o r c t  r i m e n t a l  o n e s ,
t h a n  t h e  e x p e r

s l i g h t l y  h i g b e t

o.i:< - a5‘iD''
l t  was o n l y  t h e

W F 1 P.  A5 . n n i ”  t h e( F i g s  5 .  I d .  A stone U 1
case o f  K i s i  1 s  * «60°C t h a t  tin

300°C '
owe t '•*—

,. 4 the solid, i  e* 1 J . ,̂/vi -i ( i
theorct ica I ' a .
v a l u e s  a s  p r e d i c t 1 h> ^  z C m  p o r o s i t y ,  Kp

Thewith temperatui'•
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experimental values and the theoretically predicted 
values may be explained by considering two factors. 
One, it has been shown by Imura et al. [28] that
the effective thermal conductivity of a sintered 
material is greatly influenced by the thermal 
conductivity of the bond formed to hold the 
particles together during sintering. Since the 
nature and therefore the thermal conductivities 
of the ceramic bonds formed were not. established 
in this study, it could be that theii values are 
such that they lower the effective thermal 
conductivity of the entire brick. The other 
possibility could be that the1 radiant, heat 
transmission considered in the theoretical 
prediction gives higher values than those observed 
in the practical situation. As it has been 
explained in section 3.1.0. (see eqn. 3.2), if 
the radiant heat transmission is considered, the
thermal conductivity coefficient, K, is observed

3to vary with T .
*

The theoretical predictions may be used to deduce 
the expected thermal conductivity for the 
refractory bricks. This can be argued from the

n  t h e  cases reported in this study fact that in all the cases i
the theoretically predictedthe difference between
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alues and those experimentally 
always less than ten per cent.

obtained was 
The difference

these values is small at low temperatures below 
500 C and becomes bigger as the temperature
increases.

thermal conductivity values obtained gives us 
an indication that the materials; Siaya clay, 
haoliu, Kisii soap stono and fireeJa\ couJd be 
Put. to thermal insulation uses in the refractory 
brick form. The* Kisii soap stone in the form in 
which it was investigated gave higher thermal 
conductivity values than the other three 
materials. This is attributed to tin- low value 
of its porosity.

p When used as J nsuia r or. . tii< • materia Js mual be

kep i d r y a n d  J roe I rum 1 h<- j n 1 i uenc • (> i moi s t ure ,

otherwise1 their insulating power has been observed

to deteriorate with the p r e s e n c e  moisture in 
them. (see FI go. 5 . 1 0,A j . 0 ,

.2.0. RECOMMENDATIONS FOH FUTURE W O R K :

More investigation.-: should be carried out on thes, 
ttorial.-i and other locally obtainable materials sucii

a.s silica, magriesiL'- , aiumina etc. to establish the
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n a t u r e  and  t h e r e f o r e  t h e  t h e r m a l  c o n d u c t i v i t y  v a l u e s  

t h e  c e r a m i c  bond  t h a t  f o r m  t o  h o l d  t h e  b r i c k  

P a r t i c l e s  t o g e t h e r  d u r i n g  s i n t e r i n g  a t  t h e  m a t u r i n g  

t e m p e r a t u r e  o f  t h e  r e f r a c t o r y  b r i c k s .  T h i s  w i l l  no t  

° n l y  e n a b l e  us  t o  p r e d i c t  more.* s u r e l y  t h e  th e r m a l  

c o n d u c t i v i t y  v a l u e s  o f  t h e  r e f r a c t o r y  b r i c k s  made i r om  

th ese  m a t e r i a l s  bu t  w i l l  a l s o  p o i n t  more  c l e a r l y  t o  t h e i r  

a P p l i c a b i l i t v  in  d i f f e r e n t  u s e s .

M o r e  w o r k  s h o u l d  a l s o  be  c a r r i e d  out. on t h e s e  

R e f r a c t o r y  b r i c k  m a t e r i a l s  t o  e s t a b l i s h  more  c l e a r l y  

t h e  way  t h e  t r a n s f e r  o f  h e a t  i n  e a c h  o f  them i s  

i n f l u e n c e d  by  t h e  r a d i a n t  h e a t  t r a n s m i s s i o n  t h r o u g h  

t h e  v o i d s  and a l s o  by  t h e  ga.s m o l e c u l e s  an them. T h i s  

may be  d o n e  by  way  o f  e s t a b l i s h i n g  a c c u r a t e l y  t h e  

p o r e  s i z e s ,  shapes and l e n g t h s  t o  e n a b h -  us t o  

e n t i m a i  •' t h e  c o n d u c t i o n  l e n g t h s  mor e  a m i  r:i i e J y .

f u r t h e r  r e s e a r c h  wo rk  s h o u l d  bo done  t o  d e t e r m i n e  

t in* v a l u e s  o i  o t h e r  i a c t o r s  t h a t  d e t e r m i n e  th e  

a p p l i c a b i l i t y  o f  the? r e f r a c t o r y  b r i c k s  mad'- i r om  these* 

m a t e r i a l s  t o  s e v e r a l  us e : . .  I h e r e  a i  '• such i a c t o r s  as 

t h e  m e c h a n i c a l  s t r e n g t h  of  t h e  b r i c k :  . t ha t  as t h e i r  

l o a d  b e a r i n g  c a p a c i t i e s  when s u b j e c t e d  i n  d i f i e r e n t  

m odes  of  s t r e s :  . t h e  r e s i s t a n c e '  t o  t h e r m a l  s t r e s s e s ,  

tiic* i  us i o n  p o i n t s ,  r e s i s t a n c e *  t o  slag.-> ane o the?  

c h e m i c a l  o f  f e e  i s  among o t h e r : . .
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AN AL Y S I S  OF THERMAL DATA

A typical thermal probe temperature-timo data 
and the necessary translormations is pi\c.n in tabic 
‘U.l. From these, the values of the natural logarithm
o f  t h e  c o r r e c t e d  t i m e  ( * n t )  a r e  p l o t t e < l  a g a i n s t  t h e

... a i j .  Tii* ■ • 1 ()!>' • o f  t h etemperature as shown in a. .
cun, thus obtained is then used in equation 3.17 to
c a l c u l a t e  t h e  t h e r m a l  c o n d u c t i v i t y  v a l u e .  H i -  Power

. i H/’ti w i r e  i s  c a l c u i a t e d  Ironi  
P e r  unit l e n g t h ,  Q, o l  t h e  ho t  w i n

th ■ -1 V the input current, I, and thethe* input voltage, ' > y
nu. f) =■ — . Th*■ .s lo p e  o i

l e n g t h  , JL, o f  t l i e  hot  w i r e
( r lV ,,;; t h e  v a l u e  d - n t / d T  of  the >:n 1 versus 'J curve g

i ,i/> K i s  t.ii- t h e rma l  
e q u a t i o n  3 . 2 0 .  S i nc e  tin'  x ‘ I ’

. r t . J r r e n c -  m a t e r i a !  > Known, then
fondue:  t i v i 1 v o f  th<- T 1

.. 1: o l  t. h e s p i ' n i l i s i  j : :
ĥ* ■ thermaI conduct i ■ ’ J 
calculated from eqn.  ̂• 1 7 a"'

APPENDIX A.1.

_ YJ_ _ (Slope of kn, vorSUC T Curvei - K

&
\J ( >
C  * 3 L

VI
? V  i

J r* 4



&
n
 t

F I RECLAY SAMPLE NO. Ill AT 71.7°C
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time corrected time
(Sec.) (Sec.)

TEMPERATURE (°C) t

06 09 74.2
1 2.708

1 07 13 74.4 2.944
10 16 | 74.5 J 2.091
13 1

19 1 |74.6 j 3.2] 9
] 7 1o 31 !

174.7 3.367

3 i
1

27 74.8 3.4.97

26
ii 32 74.9 J 3.638

32 38 75.0 1 3.784

39 45 1 75.1 3.93]

47 53 75.2 4.078

56 j i62 j 7 r. 'jl O . • > 1 4.220
66 72 75.4 1 4.357

78 84 7 5.5 4.5Of»

90 96 73 . ' ■ 4.62..
1

108 114 75.7 j1
4.78 7

125 13 J | 75.8 i
4.920

1,7 '
f

153 75.9 5.069

1 7 j
(

] 77 76.0 5.09

TalijA. J'rol*1 tcmporutur- - Ti. da,,,
Input voLtaf!1. (V> -- 3 • 30 \

Lurrrnl (I 1 ' 0 .8J A



(dt/dT (Sec.

VERSUS TIME, t.
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determination OF THE CORRECTION TIME t •-- -------------------------------------  o '

The data required for the determination of the
correction time for the probe used is given in table
A 2.1. The value dt was obtained from times t . - t.i + l l
and similarly dT from temperatures TQ + i - T. . From
■these, the value dt/dT of equation 3 is calculated.
These values are then ploted against their correspond
averages of time t which is obtained irom.13 a v

t = (t.., + t.)/2, i = 1, 2> .......  nav v i+l i

A plot of dt/dt versus tRV is given in Fig. A.2.1. From
this plot, the value t() is obtained from the intercept
on the t - axis, as shown, av

APPENDIX A.2

"— -------
dT 5°C_1 
dT

20.0r -38.8 50.0 60.0 82.5 130.0 |150.0 170.0 210.0 255.0

Time, t 
i Sec.

12.0 25.0 34.5 45.0 38.5
I
97.5 111. 5

11
131.3 162.5 200.0

i[1

Table A. 2.1: D a t a  r e q u i r e d  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  

c o r r e c t i o n  t i m e ,  t^
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APPENDIX A. 3

To estimate the thermal conductivity of the solid 
phase of the materials from the characteristic thermal
c o n d u c t i v i t i e s  o f  t h e  c o m p o n e n t s  o b t a i n e d  f rom the

. ■ . Tpe?t. the* iol lowing was assumed:chemical analysis test.-,
(j) Thai components iormmr th(?n S P< '

....... . V''1U",■
M a t e r i a l *  • " >  “ “ “  ‘

5 3 , and 5 . *1. )
„ n t s  a r e  Ke o m e t r i c a l 1V e q u i v a l e n t ,  

( i i )  T h a t  t h e  c o m p o n e n t s  a
thpir locations does notthat id, interchanging then

, nroperties of tin matrix. Thus alter th- thermal prop
, miNiure was reduced to a

t h e  multi component  r m x u

11(,nt e n a b l i n g  the ........... * * ' ' •  -tin---eom|)oti< n
.... lon 1" ea I eu I a ' e H . lM a v we I I -liiicKcn relation

U "' • oI s o l i d  p h a s e  ^  l o r  k a o l i n
t h e r m a l  c o n d u c t i v i t y  o, s o l

,• j')7 0“C was (liven 
a l  a t e m p e r a t u r e  of i -

| j _ K;.i() . ,/KA l2 ud j

■ I ' 2VA l2 ° : i  2 Kr.1u. ,/KM2o:-, " 1 
—̂--- ---

K:' '  1;s i 0 2  • ; _ K, - j t ‘ .'\ I ‘d ' :: _

i ; - v a 12°:; 2 KsiU'>/KAi2(,:;
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From the chemical analysis data and taking the values 
°f thĉ  thermal conductivity of the constituents as

kA12C>3 = 23,G

*vsi02 = * •

W m 3 °c J
W 17)-1 oc-J

The appropriate data for amorphous Sit»2 were taken 1 row 

and Jor crystal AloO.,. J rom fa. l>o. 1>J W<-

obtains:

K = 1.53
1

1 _ 1.33 : 23.fi30.78 _________________4 “ x 80. II 2 X 1.53 •' 23. f> + 1
3G 79 ] - ,1.53 •' 23. 0____

J - so.n 2 * J-5'3 : + J

- <1.032 W m- J °r

Tin sunn 

conductivity 
temperatures 
' ’(' n d u c t i v i •* y

■ p i * < > (■ c d u i * 
value*.1- lor 
was used to 
values.

bu,  l o r  d i f J e r e n t

the com ponen t s  ni

o b t a i n  t h e  solid

I Hernia i 
d i1J e ronI 
phase thermal
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APPENDIX A , _ 4

THERMAL CONDUCTIVITY DATA.
[The orlgUal tame-temperature data

a, the W * " '  •

is obtainable 
f Nairobi].
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PERCENTAGE
POROSITY THERMAL CONDUCTIVITY Wni 1 °C~1 i

EXPERIMENTAL DATA THEORETICAL VALUES

00.0 - 2.200 i
10.4 - 1.850
23.5 1.285 ± 0.064 i

29.0 1.156 ± 0.058 i . 308 i
35.3 1.010 1 0.051 -

38.7 1 . 065
41.0 0.962 1 0.048 -

4 7.4 0.775 ± 0.039 -

50.6 - 0.812

52.9 0.675 f 0.034 -

64.0 0.575

81.5
1

!i
0.285

Comparison between thermal conductivity 
values obtained iron, e.xporimem with 
those predicted by theory lor .Siayaclay

a! 105.fi °C.
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Table A .4.2 - C o m p a r i s o n bet wet'ii

cun duct 
til os'1 P1 c

ivity iron.
edieted

va lu es  oi

e.xperimenta

theory J ° r

a i

thermal 

I data and 
lire c1ay

100°C’
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23.3
30.0
35.3
39.4
44.4 
47.7
56.0

PERCENTAGE
POROSITY

21.7
29.7
34.5 
38.3
41.8 
45.0 
50.7
57.6

Table A.4.5

1.262 ± 0.063 
1.106 ± 0.055 
0.993 ± 0.050 
0.906 ± O.o45 
0.813 ± 0.043 
0.750 ± 0.03S 
0.613 ± 0.031

1.219 ± 0.061 
1.117 ± 0.056 
1.038 ± 0.052 
0.956 ± 0.048 
0.900 ± 0.045 
0.755 ± 0.038

Table A.4.4:
+ . n of thermal conductivity with Variation ol tn

=Htv for Fireclay dried andpercentage porosity ioi
les Moisture content for the wet samples.

W(, t  s a m p l e s  was 2 5 . 6 % .

THERMAL CONDUCTIVITY
WET SAMPLE

DRIED sample

1.198 ± 0.060 
1.043 ± 0.052 
0.950 ± 0.048 
0.872 ± 0.044 
0.809 ± 0.041 
0.745 ± 0.037 
0.642 ± O.o32 
0.525 ± 0.026

1.275 ± 0.064 
1.124 ± 0.056 
1.035 ± 0.052 
0.969 i 0.049 
0.913 ± 0.046 
0.858 ± 0.043 
0.764 ± 0:038 
0.650 ± 0.033

"J— ” " ni conductivity with
Variation of ther ^  siayaclay dried and
percentage porosi tent of 25.2%.

samples of mosture conte 4
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PE R C E N T A G E
P O R O S I T Y

THERMAL CONDUCT IV ITY

AT 1 0 5 . 6°C AT 6 3 2 . 9°C

2 1 . 3 1 . 2 7 1  ± 0 . 0 6 4 1 . 5 3 8  ± 0 . 0 7 7

2 9 . 7 1 . 0 8 1  ± 0 . 0 5 4 1 . 3 1 9  ± 0 . 0 6 6

3 2 . 8 1 . 0 1 5  ± 0 .0 5 1 1 .244  ± 0 . 0 6 2

3 4 . 5 0 . 9 8 3  ± O .0 4 9 1 . 2 0 5  + 0 . 0 6 0

3 8 . 3 0 . 9 0 8  1 0 . 0 4 5 1 .1 1 2  ± 0 . 0 5 6

4 1 . 7 0 . 8 4 0  t 0 . o42 1.041 ± 0 . 0 5 2

i
1 5 . 2 0 . 7 7 5  r O .o 3 9 0 . 9 0 9  4 0 . 0 4 9

j
5 0 . 0  | 0 . 68(> 1 0 . 0 3 4 0 . 8 6 9  ±0. o44 ;

1

T a b l e  A 4 . 6 :  V a r i a t i o n  o f  t h e rm a l  c o n d u c t i v i t y  w i t h

p e r c e n t a g e  p o r o s i t y  f o i  S i a y u c l a j

. c- A - 105 0°0 and H = 632.9°0t.w<» t e m p e r a t u r e s  A

t
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PERCENTAGE thermal
POROSITY AT 113

21.1
28.5
32.6 
35.3 
38.5 
46.0

1.763 
1.494 
1.3.63 
1.288 
1.188 
0.988
0.81052.7

_________________

2.085 ± 0.104 
1.806 ± 0.090 
1.663 ± 0.083 
1.563 ± O.078 
1.463 ± 0.073
j.231 ± 0.062
1.050 ± 0.053

T a b l e  A . 4 . 8

. o f  t h e r m a l  conductivity with
V a r i a t l °  i t y  f o r  k a o l i n  a t  two
p e r c e n t a g e  p o r o s r t y  ^

A f f e r e n t  t e m p e r a t u r e s  A

13 . 636.7°C

percentage
POROSITY

23.3 
35.2 
39.6 
44.5 
47.8 
52.0

T a b l e  A.4.9

the hmal^cond^  --
■ 1 >c‘• 1

a t  l l ° * 7 ° c

1.325 ± O-066 
!.053 ± O'053 
0.956 ± 0.049 
0.860 ± 0.04<i 
0.798 ± 0.040 
0.724 ± 0.036

AT 620.4 C 

].706 ± 0.085 
1.400 ± 0.070 
1.290 ± 0.065 
1.168 ± 0.058 
1.090 ± 0.055 
0.995 ± 0.050

_________  " . j. -j i t v with
---- --------—  n i c o n d u c t

• „  o f  t h e r m a l  co i
Variation llreday at two

n o r o s i t y  I 01
p e r c e n t a g e  P A = 1 1 0 . 7 ° C  andp e r c e n t a g e  P i x 0 . 7 ° C  and B

t  t e m p e r a t u r e s  A -different temp

= 620.4°C
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temperature of firing THERMAL CONDUCTIVITY Wm-1 °C~1

300 0.830 ± 0.042
400 0.828 ± 0.041
450 0.813 ± 0.04]
550 0.818 ± 0.04]

650 0.830 ± 0.042
t) o r* -i ✓ t  ̂1 • t700 

800 
850 
900 
950 

1050 
11 50 
1200 

J 350

Table A.4.10: Variation o

0.85] i 0.048 
0.862 ± 0.042 
0.870 ± 0.044 
0.895 ± 0.045 
0.898 ± 0.045 
0.901 i 0.045 
O.902 i 0.045 
0.903 i 0.043

/' tbormaJ conductivity with
1 i r i n £ ior 81 a y a c 1 a \tempcratun.1 ol 

aicrial iraeasuromcnts arc made ai 
Porosi1v ' 38.a p-r cent)

rn

100°C’ .
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TEMPERATURE OF FIRING , THERMAL
Wnf1 °C“

CONDUCTIVITY
I

300 | 2.198 ± o.110
400 1

j 2.190 i 0.110
450

I
2.17] 1 0.109

550 2.175 :» 0.109
600 2.1 99 :» 0.110
700 2.2 i m ■ O . I J !
800 2.224 * 0.111
900 2.227 0.112
950 2.257 » 0.112

I 050 2.2 5 i » * 0.112
1150 2.262 • 0.112
1250 2.262» ' O .112
1 350 2.264 • 0.112.

T'̂ le A. 4.11: Variation of thermal conductivity with
t e m p e r a t u r e  o  f i i r m t t  l o r  Ki .c>i i s o a j )  

s t o n e  m a t e r i a l  ( m e a s u r m o n i  ar<- made 

at  1 0 0 ° ( \  p o r o s ]  1 v ~ 7.642 >



1 4 8

TEMPERATURE of firing °c th e r m a l conductivity
W m-1 °c_1-- -- 1

300
I 0.876 ± 0.044

400 0 .875 1 0.044

4 50 0 .858 1 oo

5 00 0 8G2 1 0.04 3

550 o 880 * O . 04 4

650 0. 89 1 ' 0 .04 5

750 0 . rlwrr\Uj O . 04 C)

850 1 °- 915 1 0.046

900 1 0. 925 1 O . o 4 6
950 0. 94 5 ‘ 0.047 |

1050 0 .950 •« O.048

1 1 50 O .952 * 0.04 8

1 2 5(» O .953 * O.04S

1 350 0 .952. 1 0.04 8

a b .1 o A . 4.12 Variation of thermal conductivi 1 V with 
temperature of lirint: K>r iireelay
materia! (measurements made ai

100"( an(i pororm y " <)•
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TEMPERATURE of firing ° c THERMAL 
Wm-1 °C

CONDUCTIVITY-1

300 1. 103 1 0.055 J

400 1. 103 1 0.055
4 50 1 .083 0.054

550 1 .083 -* 0.054

60() 1 1 09 ̂ • o.  05.

650 1 108 1 0.055

750 1 128 :* 0.056

850 I 148 :< 0.057 t

900 1 . 160 :* 0.058

950 i . 1 70 t 0.059

1050 1 . 1 7-1 • O.059

1150 1 1 75 • 0.0 5 ! ■

1250 0 . 1 7!1 • (>. () 5 9

1350 0.1 79 ;4 O . o59

T;U-bjo •1.13 Variation c> 1 
temperature o 

( Mcanure men i s 

Porosity ~ 38

t. hc? rma 1 con duc 11 v i i y v. i 111 
j i i r i n p t (> 7* k 11 (> JL i n ma 1. (' l i 
we ?•* • mad' • n 1 J CO‘ C .

. 5 pc r con t ) .
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TEMPERATURE °c THERMAL CONDUCTIVITY
-_____ Win"1 °C~]

17.7 1.035 i 0.052
115.0 1.001 ± 0.055
235.6 1.130 i 0.057
378.7 1.221 * 0.061
502 . O 1 1.261 • 0.063
G20. :: 1.31.' 1 0.066 |

TabJo A. 4.14; Variation of thermal conductivity with
temperature J or a Siavaclay brick oi 
JJorosil y oi 20. 6 per cent.

temperature °(
!: THERMAL CONDUCT IVI TV 

1 °C,_1

15.0 1.072 0.05-1

158.2 i 1.030 i 0.052

275.8 1.048 • 0.058 1
387.6

i
1.140 .• 0.057

4 85.0 j.105 * 0.060

612.0 1.236. _• 0.062

763.2 1.2 70 r 0.06-1

A. Variation < ! t norma ! con due t i v j 1 y wit I
temperatur* ' '' Ljavaej: ' nriei; c»;
norosi i v c : 51'. e por cent .
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r --------------------- -—
TEMPERATURE °c THERMAL CONDUCTIVITY

Wnf1 °C-1 1 ________ _______ _______________1
16.7 0.935 ± 0.047

141.6 1.003 j 0.050
255.0 1.045 i 0.053
375.3 1.111 1 0.056
508.2 1.163 0 .058
625.3 1.20:3 1 0.060 1
7 55.0 1 . 228 -♦ O . 06 !

Tabic> A . <1.16 Variation o 
temperature 
porosity of

t herma1 cond u c t i v11v with 
jor a SiavaeJay brick of 
:M .5 pc r ceni .

Tab

-
IPERATURK "6 THERMAE n)NI>rfT  1 VIT'i

VWi." €,f 1 1

V—/ 1—1 0.83.3 *
I

0.042

112.2 0.91! • 0.04 0)

286.7 0.96:3 • O.04 8

377.2 1.026 1 0 .05 1

488.2. J.003 * u . (> 5 3

002.2 1.IOC • 0.05:3

7 3 5 . f > 1 . 12:3 ■* 0.050)

• A . 1.17. Y arla t ion o 1 thermal eon due i i\ 11 > ith
t. ernoera tur* f(’r ,jJll'ul 1 
„nr(»::i -v e !

lU’H'K (
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TEMPERATURE °c THERMAL CONDUCTIVITY 
Wm_1 °C"]

18.00 0.800 ± 0.040
115.3 0.845 i 0.042
208.2 0.880 i 0.044
341.3 | 0.941 i 0.047
4 76.0 0.985 j 0.049
620.4 1.040 1 0.052 |
738.0 1.059 • O .o55

rJ’al i A. *1.18: Variation ol thermal conductivity with
temperature lor a Siavaclay brick oi 
porosity ol <11.7 per cent.

temperature ‘t  ;i THERMAL CONDUC 
VVri,- 1 °C_J

n  VI TV

J 5.0 0.7-1 ! ‘ O . o5 /
123.7 - 0.780 j 0.039
256.0 \1I 0.840 1 0.042
393.4 i 0.890 j 0.045
514.0 : 0.936 j 0.04 7
650.0 0.975 a 0.049 1
780.0 0.990 r 0.050 J

 ̂4-b 11. .y -1 . ] l >: Variation o ! thermal con due t i v i t y with
temperature ior a Si avac1 ay brick ol
porosity ol •1 5.2 pe v coni .
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a . 1.20: Variation of thermal conductivity with
temperature lor a fireclay brick of 
porosity of 35.2 per cent.

| TEMPEftATURK °C i T1IERMAI. CONDUCTIVITY
1 Will- 1 "C-J

1 -1 . -1
i 0.8b! • u.o.15

111.0 * 0.959 ‘ 0.04 8
235.0 l1 1.050 • 0.053
369.3 1i 1.130 4 O.o57
"195.0

J
i 1.215 1 0.061

G21.7 • 1i 1.288 j 0.06*1
7 21.0 f

I
J.335“ 0.067

 ̂a b j ( ^ • l. 2 J ■ Variation c>; thermal conduct iviiy with
i empc’ratun • j o r a 1lrecJ a y briek o !
porosity of 39.3 per con; .
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TEMPERATURE °c THERMAL CONDUCTIVITY
- 1 -1 Mw °C

15.4 0.775 ± 0.039
155.0 0.865 1 0.043
276.6 0.955 + 0.048
402.3 1.030 j 0.052
523.2 1.119 ± 0.056
655.0 1.185 < 0.059
765.5. 1.235 • 0.065 1i

I

^ble A. 4.22: Variation oJ thermal conductivity with
temperature ior a fireclay brick of 
porosity of 44.5 per cent..

TEMPERATURE °C THERMAL CONDUCTI VI TV 
Mu-1 °C_1

17.1 0 .739  ‘ 0 .037

118 .0 0 .80 0  :• 0 .040

232 .3 0 .875  1 0.044

358.4 0 .9 5 0  i  0 .048

48 9 .2 1 .030 + 0 .052

602 .7 J .090 i 0 .055

732 .6 1.144 f 0 .057
I

■^blo A. 4.25: Variation of thermal conductivity with
temperature j or a fireclnv brick of
porosity of 47.5 per cent .
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temperature for a Kisii soap stone brick 
of porosity P = 7.64 per cent.

TEMPERATURE °c THERMAL CONDUCTIVITY 1 
Wm_l °C_1

18.7 1.440 ± 0.072
113.2 1.495 ± 0.075
225.4 1.561 ± 0.078
354.6 1.659 ± 0.085
482.0 1.710 ± 0 .086
563.2 1.782 ± O.089
637.3 1.805 ± 0.090
765.0

1
1.838 ± 0.092

Table A. 4.25: Variation of thermal conductivity with
temperature for a kaolin brick of
porosity of 28.4 per cent.
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temperature °c THERMAL CONDUCTIVITY 
Wm-1 °C_1

15.6 1.312 ± 0.066
108.0 1.350 ± 0.068
254.7 1.465 ± 0.073
378.3 1.520 ± 0.076
502.7 1.612 ± 0.081
651.2 1.658 ± 0.o83

i 764.0 1.698 ± 0.085
--------- |

^able A. 4.26: Variation of thermal conductivity with
temperature for a kaolin brick of porosity 
of 32.6 per cent.

TEMPERATURE °c THERMAL CONDUCTIVITY 
Wm-1 °C_1

i19.0 I 1.239 ± 0.062
1118.7 j 1.239 ± 0.064 i

228.2 j 1.369 ± 0.069
344.3 11 1.415 ± 0.071
483.2 1.500 ± 0.075
562.3 1.548 ± 0.077
670.6 1.569 ± 0.079
786.2 1.591 ± 0.080

Table A. 4.27: Variation of thermal conductivity with
temperature for a kaolin brick of
porosity of 35.3 per cent.
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temperature °c THERMAL CONDUCTIVITY
-1 -1 1 Wm °C 1

14.3 1.135 ±0.057 (
152.4 1.202 1 0.060
283.5 1.30J ± 0.065
410.7 1.359 ± 0.068
546.6 I.432 ± 0.072
633.2 Cl V’ C O -0

778.7 1.498 ‘ 0.075

^blt> A. -1.2b: Variation o I thermal conductivity with
temperature ior a kaolin hric.k oi 
porosity oi' 38.5 per cent

temperature °c THERMAL CONDUCT'!’ IVI TV
___ Wm- 1 °r~l
1

16.6 0.9-15 • 0.0-17
131. 7 1.00: • (). 05(1
268.0 1.05'- • O.053
386.5 1.132 ! 0.05/
511.7 1.181 * 0.06!
758.0 1.238 * O.062

T a b l , .  a . 1 . 2 5 :  V a r i a t i o n  ut  t h e r m a l  c o n d u c t i v i t y  w i t h

t e m p e r a t u r e  J o r  a k a o l i n  c r i c k  o f  

p o r o s i t y  o f  4 6 . 0  p ° r  c e n t  .
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APPENDIX A.5 : MORE FIGURES ON VARIATION OF THERMAL

CONDUCTIVITY WITH THE FACTORS CONSIDERED 

H  J IN THE STUDY

OS-

0-7
0 200

“T”
400

— I—  • 1 '600 800 1000 1200
f i r i n g  t e m p e r a t u r e , °c

1400

FIGURE A 5.1: VARIATION OF THERMAL CONDUCTIVITY WITH FIRING 

TEMPERATURE FOR FIRECLAY MATERIAL (Measurements

made at 100°C. Porosltv 39.5%)
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FIGURE A 5.2: VARIATION OF THERMAL CONDUCTIVITY WITH
FIRING TEMPERATURE FOR KISII SOAP STONE 
MATERIAL (Measurements made at. 1QQ°C,
Poros i tv 7,64%).



T
H

E
R

M
A

L
 

C
O

N
D

U
C

T
IV

IT
Y

\ ̂

- 160 -

FIGURE A 5.3: VARIATION OF THERMAL CONDUCTIVITY WITH FIRING
TEMPERATURE FOR SIAYA CLAY MATERIAL. 
(Measurements made at 100°C, P o ro s i t y  = 3 8 . 5 a ) .
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FIGURE a 5.4: THERMAL CONDUCTIVITY AGAINST PERCENTAGE POROSIT
FOR FIRECLAY AT TEMPERATURES A = 110.7''r AM > 
h =■ 6 2 0 . 4 ° C



T
/f

D
R

A
f/

l L
, 

C
O

N
D

U
C

T
I

162

FIGURE A 5.5: THERMAL CONDUCTIVITY AGAINST PERCENTAGE POROSIT
FOE SIAYA CLAY AT TEMPERATURES A = 105.6fT  AND 
L = 632.9°C
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FIGURE A 5.6: THERMAL CQNDUCTIVITY AGAINST PERCENTAGE
POROSITY FOR A DIRE!) SAMPLE AND A WET 
SAMPLE OT‘ FIRECLAY A I' 30°C
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figure a 5 .7 . thermal conductivity against percentage
POROSITY FOR SIAYA CLAY DRIED SAMPLE AND 
MOIST SAMPLE AT 33.3°C
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FIGURE A 5.8: COMPARISON BETWEEN THEORETICAL PREDICTION' A]
EXPERIMENTAL DATA FOP, SIAYA CLAY AT 105. nf,'‘

L
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FIGURE A 5.1*. COMPARISON’ BETWEEN THEORETICAL PREDICTION AM
EXPERIMENTAL DATA FOR KAOLIN AT 113.4 °C
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FIGuRF. A f> .13: THERMAL C0N11FCTIVITY AGAINST TEMPERATE!]F FOR KISII STONE OF
F O R D S  I T ' Y  t*

1 YU



THERMAL CONDUCTIVITY (WM

FIGURE a n.14: THERM'■ CONDUCTIVITY AGAINST TEMPERATURE 'l ‘rimontal and calculated
va 1 ii' or kaolin1’ of p = 8 8.5T
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THERMAL CONDUCTIVITY \f • AINST TEMPERATURE ro,> FIRECLAY OF POROSITY p = 39.5%
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