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Thermal conductivity of a kaolinite refractory:
effect of a plant-derived organic binder
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The effect of corchorus olitorius derived binder on the effective thermal conductivity of a
kaolinite-based refractory was investigated. Strong dependence of (effective) thermal
conductivity of fired samples on the binder concentration, temperature and porosity was
noted. Comparison of experimental data with Effective Medium Approximation (EMA) and
Geometric Mean Model (GMM) theories showed that predictions from EMA agreed better
with the experimental data than those from GMM. This was attributed to the EMA model
being more rigorous and contained more microstructural information than the simpler

GMM. © 2003 Kluwer Academic Publishers

1. Introduction

Thermal conductivity is a property that controls the
thermo-mechanical behavior of refractory linings, and
hence their design and optimization. It further deter-
mines the heating and cooling schedules of these lin-
ings. As such, the control and knowledge of thermal
conductivity of refractory materials used in various con-
ditions is a necessity.

In the ceramics industry, use of organic binders dur-
ing processing of components is not uncommon [1-5].
The organic binders, besides improving mechanical [5]
and/or thermal properties [4] have the additional advan-
tage of minimizing production losses associated with
breakage and cracking of the green ware.

In arecent study [5] it was noted that kaolinite refrac-
tories plasticized using a binder (syrup) extracted from
an edible vegetable (corchorous olitorius), had higher
fracture strength compared to those samples fabricated
using only plain tap water as the plasticizer. This fea-
ture was attributed to the observed change in fracture
paths from intergranular to transgranular with increas-
ing binder concentrations. In this study, we report the
variation of (effective) thermal conductivity of a similar
kind of kaolinite refractory fabricated using the binder
derived from corchorous olitorius, and also compare
the experimental data with theoretical values calculated
using EMA and GMM theories. This type of refractory
and others based on clays are used as thermal insulators
for metal cooking stoves.

2. Experimental procedures

2.1. Materials

In the present study Kaolin clay (supplied by Athi River
Mining Company, Athi River Kenya) and fresh leaves
of corchorus olitorius vegetable bought from a local
market were used. The binder was extracted by gen-
tly heating at 100°C, a known mass (=500 £ 5 g) of
the fresh leaves in a known volume (500 + 5 cm?) of
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tap water for half an hour. A longer heating time than
this resulted in the undesired cooking of the leaves.
The resulting thick dark-green slimy syrup was cooled
to room temperature, sieved to remove any residues of
leaf fibres, and then subsequently stored in a domestic
fridge. This process was repeated until enough of the
syrup was obtained. The separately extracted batches of
the syrup were finally mixed together in a large bucket
and thoroughly stirred to ensure uniformity of the ini-
tially undiluted concentration. Different concentrations
(measured in terms of viscosity 1) of the binder were
eventually prepared by diluting a fixed volume (V,,) of
the undiluted syrup of viscosity 1, with varying vol-
umes V, of tap water. Finally the concentrations were
normalized with respect to the viscosity of the undiluted
binder (n,).

Different sets of kaolin pastes were made by mixing a
given mass of kaolin clay with 33 wt% of the binder (of
different concentrations). This way, the kaolin was plas-
ticized with binders of different concentrations. The
mixture was kneaded to obtain uniform dough, which
was left overnight to age. Semi-cylindrical samples
(15.0+0.1 cmlong and 5.0 £ 0.1 cm in diameter) were
then fabricated for thermal conductivity measurements.
These specimens were left to dry at room temperature
for seven (7) days, oven-dried further at 120 4 5°C for
eight hours and then stored in moisture free chambers.
All samples were fired at the rate of 5 K min~! to a
peak temperature of 1150°C, soaked at this tempera-
ture for 30 & 1 min and thereafter allowed to cool to
room temperature overnight.

2.2. Thermal conductivity measurement

The transient hot wire method was used to mea-
sure the thermal conductivities of samples under
test. In this method, the heater wire (nichrome
wire—standard wire gauge SWG 36) and ther-
mocouple (nichrome/constantan both of SWG 36)
hot wires’ junction were sandwiched between two
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Figure 1 Experimental set up for thermal conductivity measurement by
transient hot-wire technique.

semi-cylindrical specimens as shown in Fig. 1. To en-
sure good thermal contact between the heater wire and
the test sample, the heater wire was squeezed into the
small central grooves running lengthwise on each half
of the test pieces.

To obtain data for the thermal conductivity K deter-
mination, a steady current /, per unit length was passed
through the probe for three (3) minutes then switched
off. The input power (Q) per unit length of the hot wire
was determined from the voltage (V') across the heater
wire and current (A) through the wire. The heater wire
surface temperature 7 (a, t) was registered by a digital
thermometer (Fluke 38501), where ‘a’ is the radius of
the hot wire. Time ¢ versus the hot wire surface tem-
perature T (a, t) was recorded at 10 s intervals during
heating up and cooling down.

For measurements above the room temperature, the
sample, with the measuring unit coupled to it (part en-
closed by the dotted rectangle) were placed inside a
furnace which was then heated to and held at the de-
sired temperature for sufficient time to allow samples’
body temperature to stabilize within £0.1°C/min, and
the conductivity data taken as previously described. A
plot of T (a, t) versus natural logarithm of time ¢ (In¢)
gave a straight line whose gradient was determined by
the “least squares” method. The absolute values of the
slopes of graphs obtained from data collected during
heating, and cool down were averaged and used to cal-
culate the effective thermal conductivity at the temper-
ature of interest from the relation [6]

T(a,t)= %lnt (1)

In order to ascertain the reliability of system, the
same system was used to measure the thermal con-
ductivity of Pyrex glass at 20°C, where a value of
1.03 £0.06 W/m/°C was obtained compared to the re-
ported value of 1.1 W/m/°C [7].

3. Results and discussions

Fig. 2 shows the variation the measured effective ther-
mal conductivity (K., ) with binder concentration at
room temperature (23.5 £ 0.5°C).
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Figure 2 Variation of effective thermal conductivity with binder con-
centration at room temperature.

It is noted that thermal conductivity increases grad-
ually from 2.26 Wm~! °C~! (for samples plasticized
with plain water) to a maximum of 2.96 Wm~! °C~!
(at normalized binder concentration of 0.683) followed
by a slight decrease at higher binder concentrations.
This represents an increase of about 20%. This trend
is the same even at higher temperatures as depicted
in Fig. 3). The increase in thermal conductivity could
be attributed to reduction in porosity, which has been
observed to fall (from an initially high value to a min-
imum followed by a small increase) with increasing
binder concentration [5, 8]. The reduced porosity occa-
sioned by plasticization with the vegetable syrup may
be as result of the increased liquid phase during the
sintering process associated with the enhanced amount
of fluxes from the syrup [5]. The subsequent drop in
thermal conductivity can be explained thus: During the
sintering process, the organic matter contained in the
vegetable syrup (binder) volatilizes and leaves behind
some residual pores. The amount of residual poros-
ity left behind should increase with the syrup (binder
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Figure 3 The variation of thermal conductivity with temperature, binder
concentration and porosity.



concentration) since more concentrated syrup contains
more volatilizable matter. Higher amount of residual
pores therefore should be responsible for the slight fall
in the K¢ observed beyond the (optimal) binder con-
centration (0.683). Note that the fall in the thermal con-
ductivity occurs only when the increase in porosity due
to volatilization process exceeds the decrease in poros-
ity due to enhanced sintering. It is known that at room
temperature the thermal conductivity of a solid phase
is higher than that of a gaseous phase. Thus the amount
of porosity present in the sample controls the thermal
behaviour as observed in Fig. 2 above.

Fig. 3 illustrates the variation of (effective) thermal
conductivity with temperature and porosity. It is seen
that K¢ monotonously decreases nonlinearly with in-
creasing temperature, but with ever-smaller rates at
higher temperatures. This pattern indicates that the
dominant mode of heat transfer was solid (lattice) con-
duction, though radiative heat transfer was gradually
becoming important at elevated temperatures. In fact
the rather small but noticeable upturn in thermal con-
ductivity around 600°C is owed to enhanced contribu-
tion by the radiative heat transfer. The contribution to
the effective thermal conductivity by the fluid, herein
assumed to be air is effectively limited by the micro-
pores present in the specimens. Also distinguishable
from Fig. 3 is the fact that a fixed temperature, the ther-
mal conductivity decreases with increasing porosity.

3.1. Comparison of theoretical models
with experimental data

The experimental results were compared with theo-
retical results of the Effective Medium Approxima-
tion (EMA) and the weighted Geometric Mean Model
(GMM) as given by Equations 2 and 3 respectively [9—
13]. In the present study we used Bruggeman’s symmet-
rical effective medium approximation (EMA) theory
that assumes 3-3 connectivity schemes where it is visu-
alized that the medium is built up from self-connecting
spherical phases. The thermal conductivity of such a
medium is then calculated from Bruggeman’s equation
[10],

k1 — ket
ketr. + 11(k1 — keft.)

ko — kett.

+a f)keff. + lp(ky — keft)
where ki, k> and k. are the thermal conductivities of
phase 1, phase 2 and the composite respectively, f is the
volume fraction of phase 1, and the depolarization fac-
tors of the two phases being /; and /. We further assume
spherical grains and set both depolarization factors—
[y and [, to 1/3. Substituting both /; and /, with 1/3 in
Equation 2 above and solving for k.. yields Equation 3
[11, 12]

2)

1
Kegr. = Z{(3¢1 — DK + (B¢ — DK>

+([Bp1 — DK} + (Bda — DK,I> + 8K K1) 2}
3)

The geometric mean equation employed in this study
is

Ker = K'KPKD, ... K )

where ¢y, @2, @3, ..., ¢, are the volume fractions of
the constituent phases, while K, K, K3, ..., K, are
the conductivity of these phases respectively.

To facilitate the calculation of the thermal conductiv-
ity of the solid component at zero porosity, the chem-
ical analysis data of Aduda et al. [5] together with the
thermal conductivity data of the oxides from Kaye and
Labby [7], and Botteril et al. [14] were used as de-
scribed elsewhere [15]. The solid phase (zero porosity)
was thus estimated as ~4.30 Wm~! K1 at 20°C, as-
suming the solid component (kaolinite) to be made of
crystalline SiOy and crystalline Al,O3 only. This as-
sumption was justified on the basis that the other oxides
that constitute the kaolin used in this study were present
only in very small quantities that did not significantly
affect the thermal conductivity of the solid phase at zero
porosity.

Since the thermal conductivity of the gaseous phase
(assumed to be air) also increases with temperature,
we used the following expression to determine the
gas conductivity at elevated temperatures (above room
temperature)

Kar = 0.0237 + 6.4 x 107°T (5)

where T is temperature [16].

To take account of the contribution to thermal con-
ductivity by radiation, a radiative term calculated using
Equation 6 [17] was added to the theoretical results
obtained from Equations 3 and 4.

_ 16n%orT?

Kr = 30 (6)

where nr (*1.56) is the refractive index, og is Stefan
Boltzmann constant, T is the mean temperature (ab-
solute) and e is the extinction coefficient (e/p = mass
extinction coefficient~ 1.2 + 0.2 m?/g for kaolin, p
is the density) [18, 19] of the matrix. The results
shown in Fig. 4, indicate that the contribution of
the radiative heat transfer component increased by
about 30 times, within the temperature range cov-
ered (23.5-577.0°C) but its net input remained small
throughout, such that even at 577.0°C, as it was still
600 times less than the solid conduction term, albeit
increasing.

Figs 5 and 6 show the comparisons between the ex-
perimental thermal conductivity data at two different
porosities (P =23.17% and 30.08%) with the theoret-
ical results based on the EMA and the GMM theories
respectively.

From both Figs 5 and 6, it is observed that the EMA
model gives predictions that are closer to the experi-
mental values as compared to the GMM model. This
apparent good agreement of the EMA model with the
experimental data could be attributed to the number of
characteristic parameters that have been considered in
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Figure 4 The ratio of solid (lattice) conduction component (theoretical
results) to radiative (photon) thermal conduction.
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Figure 5 Comparison of the theoretical results (GMM and EMA) with

the experimental results (of sample plasticized with binder of optimal
concentration (0.683), and porosity P =0.27).
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Figure 6 Comparison of theoretical results (GMM and EMA) with
experimental data (P =.30).
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describing the microstructure of the material under test.
Notably, the GMM considers phase volume fractions
and porosity, which are barely adequate for full charac-
terization of a complex composite, like the one studied
here, whereas the EMA takes into account a number of
these parameters, including constituent phases’ volume
fractions and connectivity, pore shape, pore distribu-
tions and their orientation [10]. It should be pointed
out that in Figs 5 and 6 it would be expected that
all the calculated values should lie on the respective
curves. The slight departure from this expectation is
attributed to the estimation procedure used in calcu-
lated the solid phase thermal conductivity at various
temperatures.

4. Conclusions

The effective thermal conductivity of fired samples
showed strong dependence on the binder concentration,
temperature and porosity. Up to a level, higher binder
concentrations were shown to give higher values of
measured thermal conductivity. Effective medium ap-
proximations theory agreed better with the experiment
compared to Geometric Mean Model. The results of
effective thermal conductivity indicated that the domi-
nant mode of heat transfer was solid conduction. Cal-
culated values of the radiative heat transfer component
increased at higher temperatures (above 100°C) but its
overall contribution remained significantly low com-
pared to the solid conduction component. These results
show that this vegetable-derived binder can be used to
cheaply make reasonably strong thermal clay or kaolin
thermal insulators that become more effective even as
temperature rises.
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