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The effect of temperature on the extrusion
behavior of a polymer/ceramic refractory paste
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University of Wollongong, N.S.W. 2522, Australia

The effect of temperature on the extrusion behavior of a polymer/ceramic refractory paste,
known as taphole clay, has been investigated. Experiments were performed to determine
the extrusion pressure and the viscosity of the paste’s phenolic resin binder between 30
and 60°C. The extrusion parameters were determined using the Benbow and Bridgwater
method [1]. As the temperature was increased, a decrease in the extrusion pressure was
observed. Three of the four Benbow and Bridgwater extrusion parameters were found to be
dependent on temperature and the binder’s viscosity. From this data a model was produced
using a modified Benbow and Bridgwater equation that predicts the effect of temperature
on the extrusion pressure of the paste. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Extrusion is an important process widely used in the
ceramic, pharmaceutical, polymer, metallurgical and
food industries [1-5]. The temperature of the extrusion
process has a large influence on the properties of the
extrudate, particularly when the process involves un-
avoidable exposure to large temperature fluctuations.
An example of this circumstance is the extrusion of
taphole clay into an iron making blast furnace. Taphole
clay is a polymer/ceramic composite refractory paste.
It is extruded into the taphole of a blast furnace using
a ram extruder (known as a mud gun) where it hardens
and stops molten material escaping the furnace. Given
the high temperatures of the blast furnace and the criti-
cal timing of the process, significant temperature vari-
ations can occur within the mud gun. Variability in the
extrusion process can lead to variation in the perfor-
mance of the taphole clay extrudate within the blast
furnace, which in turn may be detrimental to several
aspects of blast furnace performance.

Paste flow during ram extrusion can be divided into
two areas, the flow from the barrel into the die, and
the flow through the die. A schematic representation
of a simple ram extruder is shown in Fig. 1. The flow
from the barrel and into the die is generally differential
laminar flow involving shear forces throughout the bulk
of the paste. Paste flow in the die is generally described
as plug flow, with the slippage occurring in a liquid layer
at the die walls [3, 6]. If this is the case, the majority
of the paste will not be subjected to shear stresses in
the die. The entire shear will occur in the liquid binder
layer at the die wall. This behaviour is often described
as the “wall effect”. Plug flow is believed to occur in
the die because the yield stress of the paste is usually
greater than the friction at the die wall. In such cases,
the flow in the die is controlled by the rheology of the
binder. However, when Benbow et al. [7] examined the
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behaviour of the pastes at the die wall, they found it
was not entirely dominated by liquid binder rheology.
They increased the percentage of binder present, which
they believed would result in an increase the size of the
liquid binder layer. When the binder’s shear stress was
constant with shear rate Benbow et al. [7] found the
paste’s shear stress was not constant as the percentage
of liquid was increased. In fact, a reduction in the shear
stress of the paste was found to occur. This deviation
implied that not all the shearing was occurring in a
liquid layer on the surface of the die wall, but in fact
that some flow was occurring in the paste.

Even when the shear flow occurs within the body of
the paste and at the die walls, the rheology of the binder
will still have a considerable influence. The temperature
of extrusion affects the binder’s viscosity and hence has
a significant effect on the flow through the die and the
shear stress in the bulk of the paste as it is extruded
from the barrel into the die.

Equation 1 was developed by Benbow and
Bridgwater to examine the pressure drop across a ram
extruder. Many authors have used this model to exam-
ine the extrusion behaviour of ceramic pastes, but it has
also been applied to foods and soaps [1-3, 5, 8].

P=2 20 Ly = 1
=2(0p + )n3+ (to+ B )<B) (1)

P is the pressure drop across the extruder, V is the ve-
locity of the extrudate exiting the die, Dy is the diameter
of the barrel, D is the diameter of the die land, and L
is the length of the die. The first part of the equation is
concerned with the energy required to force the mate-
rial from the barrel into the die. Benbow and Bridgwater
describe the factor (o9 + V') as being the bulk yield
stress corrected for shear rate. The individual factors
are the yield stress of the paste at zero velocity, oy, and
the factor that characterizes the effect of velocity on the
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Figure 1 Schematic representation of the cross section of the basic ele-
ments of a ram extruder.

paste, «. The second part of the equation concerns the
flow of the paste through the die. The wall shear stress
at zero velocity is 7o, the initial wall stress. The factor
that accounts for the effect of velocity on the wall shear
stress is B termed the wall velocity factor. This equation
does not account for flow of material in the barrel.

Benbow and Bridgwater also observed non-linear be-
haviour of the pastes. The more generalised non-linear
equation is given in Equation 2. The parameters m, and
n allow for the nonlinearity attributed to the effect of
extrusion speed on « and .

P=2 v 20 4y 4! (5)
= 2(00 + o )HD+ (o + B D
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Zheng et al. [9] have examined the Benbow-Bridgwater
equation with respect to relating the initial differ-
ential laminar flow from the barrel into the die to
the paste characteristics. They determined that the
Benbow-Bridgwater bulk yield stress could be related
to the Herschel-Bulkey equation [10] for paste flow. The
Herschel-Bulkey equation describes the flow of slur-
ries and pastes that exhibit a yield stress (Equation 3)
[10]. In Equation 3, 7 is the shear stress, 7, is the yield
stress, K is the Herschel-Bulkley shear rate factor, y
is the shear rate and myp is the Herschel-Bulkley flow
behaviour index.

T =1, 4 K™ 3)

Zheng et al. developed the equation for the extru-
sion pressure due to the bulk yield stress that ac-
counted for different die diameter sizes and then in-
corporated the Herschel-Bulkey equation (Equation 4).
This study showed that it is possible to link the Benbow-
Bridgwater equation to the material properties of the
paste.

D vi™
P, =21n3°[ao+ﬁ1<(zﬁ)m(5> } (4)

The principle aim of this study was to determine the
effect of temperature on the extrusion behavior of a
polymer/ceramic paste. Binder rheology is influenced
greatly by changes in temperature and this may have
a large effect on the extrusion behavior The Benbow
and Bridgwater equations and parameters have been
used as a method for examining the variation in the
extrusion behavior with temperature. A model was then
developed for the extrusion behavior that incorporated
the effects of temperature.
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2. Experimental procedure

2.1. Materials

Taphole clay paste consists of a combination of refrac-
tory grains and a polymer binder. The polymer binder
used in this study was a phenolic resin solution that con-
tained 55% novolak resin and 45% propylene glycol.!
The refractory component of the taphole clay matrix
material consisted of a mixture of alumina (Al,O3),
silicon carbide (SiC), coke, ferro-silicon nitride (Fe-
Si3Ny4) and small amounts of other additives used to
aid sintering. All the powders used had a particle size
less than 150 um. The majority of taphole clay used
in industry also contains larger aggregate. Due to the
scale of the experiments conducted in the present study
only the finer grains were used. Further work will be
performed to verify the results of this study for taphole
clays containing larger aggregate.

2.2. Viscometry

A RVTCP Wells-Brookfield cone and plate viscome-
ter was used to measure the viscosity of the polymer
binder at different temperatures. The cone used was a
CP-51, with a radius of 12 mm and a cone angle of
1.565°. A platinum resistance thermometer (PT1000)
was mounted into the bottom of the cup so the tem-
perature of the polymer binder at the time of mea-
surement was known (£0.5°C). The temperature was
maintained using a thermostated water bath. Recircu-
lating water was pumped through the viscometer’s cone
and plate maintaining the temperature of the equip-
ment. "ll“he viscometer had a shear rate range of 1.92 to
38457,

2.3. Paste preparation

The taphole clay paste samples were produced by mix-
ing the binder and the powder in a planetary mixer for
several minutes until the binder had completely been
absorbed into the powder and the mixture appeared to
be dry. The paste was then extruded through a min-
cer three times to attain well mixed material as recom-
mended by several authors [11, 12]. The mincer was a
single screw extruder with a barrel diameter of 65 mm
and a die with multiple orifices of 4 mm diameter. After
the material had been mixed it was stored at 30°C for
24 h.

2.4. Extrusion operation

The extrusion pressure equipment was based on the ap-
paratus developed by Benbow and Bridgwater [1]. The
equipment consisted of a barrel with an internal diame-
ter of 25 mm with a die of 3 mm diameter. The lengths
of the dies were 49, 25, and 4 mm (corresponding to
L/D ratios of 16.33, 8.33 and 1.67, respectively). A
ram with a 25 mm teflon washer on the end, was at-
tached to a 10 kN load cell in an Instron tensile testing
machine. The temperature was maintained by enclos-
ing the extrusion rig in a heat box. The samples were
tested at 30, 40, 50, and 60°C. The taphole clay ma-
terial was placed in the barrel of the extrusion rig and
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the ram placed into it on top of the material. The In-
stron controlled the speed of the ram as it descended
into the barrel and compressed the taphole clay material
extruding it out through the die. The taphole clay mix-
ture was extruded at 4 different ram rates. The ram rates
used were: 10, 3, 1, and 0.1 mm/min. These figures cor-
respond to extrudate speeds of: 11.57, 3.47, 1.157 and
0.1157 mm/s respectively. This procedure was repeated
for each of the different die lengths. At each tempera-
ture two sets of extrusion experiments were performed.
The extrusion parameters were determined using the
method established by Benbow and Bridgwater [1].

3. Results and discussion

3.1. The effect of temperature on extrusion
The Benbow and Bridgwater extrusion analysis was
performed on polymer/ceramic refractory pastes at four
different temperatures. An example of the extrusion
pressure variation with temperature is given in Fig. 2.
The extrusion pressure was found to decrease as the
extrusion temperature increased.

The Benbow and Bridgwater linear (Equation 1) and
non-linear (Equation 2) parameters were calculated
from the extrusion data at each of the four different
temperatures. An example is given in Fig. 3 of the raw
extrusion pressure data and the linear and non-linear
models calculated from the data. Although the linear
and the non-linear models had slight differences, both
models appeared to replicate the results well. For ease
of analysis, the linear Benbow and Bridgwater model
was employed in the remainder of this study.

At each extrusion temperature examined, the Ben-
bow and Bridgwater parameters were calculated. Fig. 4
shows the effect of temperature on each of the averaged
Benbow and Bridgwater parameters. Temperature ap-
peared to have a significant effect on three of the four
Benbow and Bridgwater parameters. The values for the
initial wall stress (tp), the wall velocity factor (8), and
the yield stress at zero velocity (oy) all decreased with
temperature. The values for the yield stress velocity
factor (o) did not exhibit a trend and appeared to be in-
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Figure 2 The extrusion pressure of two samples (O and x) of poly-
mer/ceramic refractory paste, at an extrudate velocity of 1.157 mm/s
and a die diameter to length ratio (L/D) of 8.33, as a function of
temperature.
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Figure 3 Polymer/ceramic refractory paste extrusion pressures plotted
against the extrusion velocity at different die diameter to length (L /D)
ratios. The modelled linear (Equation 1, dashed line) and non-linear
(Equation 2, solid line) Benbow and Bridgwater extrusion model calcu-
lated from the data is also shown.

dependent of the effects of temperature over the range
studied. The errors associated with the Benbow and
Bridgwater parameters also increased with a decrease
in temperature. At lower temperatures, the paste is less
workable and requires a greater extrusion pressure. It
is possible that as the paste becomes less workable, the
flow behaviour in the die will change resulting in larger
amounts of friction both within the paste and along the
die wall. This change in flow behaviour may increase
the variability of the extrusion results and produce the
larger error observed.

From these extrusion pressure results, it can be seen
that care is required when handling taphole clay. If the
temperature of extrusion is too low, the extrusion pres-
sure required will be very high and small temperature
variations can cause significant changes to the extrusion
pressure behaviour.

3.2. Influence of the binder’s viscosity
on extrusion

Benbow et al. [7] found that the extrusion of pastes was
highly dependent upon the rheology of the binder. The
aim of this section of the study was to quantify how
the viscosity of the binder affected the extrusion be-
haviour of the paste. This should provide explanations
for the variations observed in the extrusion pressure as
the temperature was varied.

The viscosity of the binder was assessed over a tem-
perature range of 20 to 60°C (Fig. 5). It was found that
the viscosity of the binder decreased as the temperature
increased. An Arrhenius model was used to describe the
viscosity temperature relationship. The general form of
the Arrhenius relationship used in the viscosity analy-
sis was: = AeP/RT where 7 is viscosity and A and B
are constants [13].

To examine the effect of the binder’s viscosity on
the extrusion pressure for the polymer/ceramic paste
the viscosity of the polymer binder was related to the
extrusion parameters. Fig. 6 shows the relationships be-
tween the viscosity of the binder and the Benbow and
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Figure 4 The Benbow-Bridgwater parameters at different temperatures: (a) Initial wall stress 7o, (b) Wall velocity factor B, (c) Yield stress at zero

velocity oy, and (d) Yield stress velocity factor «.
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Figure 5 Change in viscosity with temperature for a polymer binder
(novolak resin propylene glycol solution) including the Arrhenius model
resolved from the data.

Bridgwater extrusion pressure parameters of the poly-
mer/ceramic refractory paste. Each point on the graphs
represents a different measurement temperature. The
points with a higher magnitude represent the measure-
ments taken at the lower temperature and the lower
points are those taken at higher temperatures.
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The viscosity of the binder appears to have an effect
on three of the four Benbow and Bridgwater extrusion
parameters. The values for 79, 8, and o appear to be de-
pendent on the behaviour of the viscosity of the binder.
The values for « do not appear to be strongly influenced
by the viscosity of the binder.

The 7( of the paste was found to have a linear de-
pendence on the viscosity of the binder (Fig. 6a). The
79 is influenced by the behaviour of the binder at the
die walls. If the flow in the die is purely plug flow, then
shearing should occur in a thin layer of binder at the
walls. If the binder used does not have a yield stress,
the value for 7y will be close to zero. Novolak resins are
a Newtonian fluid and thus have no yield stress. How-
ever, the initial wall stress increases with an increase in
the viscosity of the binder. This suggests that the shear
does not occur solely in a binder layer at the die wall. A
similar observation has been made by Benbow et al. [7]
who also found the flow in the die was not entirely dom-
inated by plug flow. In the case of the polymer/ceramic
paste used in this study, the viscosity of the binder may
have affected the formation of the liquid binder layer
at the die wall. As the viscosity of the binder increases
(with a decrease in temperature) the formation of the
liquid layer at the wall may have been more arduous,
which may account for the increase in 7p.

The relationship between 8 and the binder viscos-
ity appears also to be reasonably linear up to 50°C
(Fig. 6b), but Benbow and Bridgwater [1] state that
B should be directly proportional to the viscosity of
the binder assuming minimal yield stress. Therefore,
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Figure 6 The averaged Benbow and Bridgwater parameters versus the viscosity of the binder: (a) Initial wall stress 7o, (b) Wall velocity factor S,

(c) Yield stress at zero velocity o, and (d) Yield stress velocity factor «.

this relationship will only hold if 7y is much lower than
BV .Therange of BV values in these experiments varies
from 208 kPa at 30°C to 0.35 kPa at 60°C. At 30°C the
values for BV are greater than for the values of 7y (12 to
20 kPa) but at 60°C the values for 7( (26 to 28 kPa) are
greater than B V. As 1 is not lower than gV, g will not
be directly proportional to the viscosity of the binder,
which may account for the lower than expected value
for B at the higher temperatures.

The flow of the material into the die, which generates
the yield stresses, occurs by shearing. The liquid binder
between the particles of the material absorbs the shear-
ing stresses and has a large influence on the rheology
of the paste. If the viscosity of the binder increases the
shear stress required to generate the same shear flow in
the paste will increase. Therefore, the yield stress will
increase as the binder viscosity increases. The yield
stress, 0y, does exhibit a strong relationship with binder
viscosity (Fig. 6¢). This relationship is not precisely lin-
ear and other forces may be associated with the paste
behaviour. For example, surface tension of the taphole
clay binder may also have an effect on oy. The surface
tension and the resultant capillary forces present within
the taphole clay structure could affect the strength of
the material and as surface tension is dependent on tem-
perature this may effect the relationship between oy
and temperature [13]. However, « appears to be inde-
pendent of the viscosity of the binder. It is not clear
at this stage why « does not appear to be dependent

on temperature or the viscosity of the binder. Zheng
et al. [9] related « to the shear rate factor, K, in the
Herschel-Bulkley equation. Therefore, the values for
o should have a relationship with the viscosity of the
binder and the temperature of extrusion as both of these
factors have a substantial effect on the behaviour of
the paste. The value for « could also be influenced by
liquid phase migration [14]. Liquid binder movement
away from the die entry region may occur. Although
no liquid migration was detected during the extrusions,
factors such as this may account for the variability ob-
served in «. The most probable explanation is that the
large errors associated with the yield stress velocity
factors have obscured any relationship.

3.3. Extrusion model accounting
for temperature

Three of the four Benbow-Bridgwater parameters ap-
pear to have an approximately linear relationships with
the viscosity of the binder. The viscosity of the binder
was found to exhibit an Arrhenius relationship (Fig. 5).
Therefore, it is proposed that the Benbow-Bridgwater
parameters will also exhibit an Arrhenius relationship
(n = AeP/RT) [13]. When used to depict the viscosity
of aliquid the constant B is known as A E,, the flow ac-
tivation energy and A, is a constant that incorporates the
molecular weight and structural factors. From the gen-
eral form of the Arrhenius relationship, the constants
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TABLE I The constants A and B from the Arrhenius relationships of
70, B, and oy

Benbow-Bridgwater A (units are the same

parameter B (k]) as the parameter’s)
79 (MPa) 49.2 6.1 x 1078
B (MPa s/m) 48.4 6.7 x 1071
oo (MPa) 20.0 1.1 x 107

A and B can be calculated for the Benbow-Bridgwater
parameters 7y, B, and oy. These values are given in
Table I.

The value for B is an activation energy for each of the
parameters presumably related to the viscosity. The B
values for 7y and B8 were close possibly because 7y and
B are related to the flow of the paste in the die and thus
their activation energy could be related to the flow acti-
vation energy for liquid viscosity. The Arrhenius con-
stants associated with oy were different from the other
constants. gy did not appear to have an entirely linear
relationship with viscosity and seems to be somewhat
dependent on other factors. The values for A incorpo-
rate structural factors associated with the viscosity as
well as other compositional factors particular to the pa-
rameter. The specific factors that affect these constants
will not be discussed, as further work is required. Un-
derstanding these Arrhenius constants would provide
further insight into the effect of temperature and binder
rheology on extrusion.

If the constants A and B for each of the three pa-
rameters are incorporated into the Benbow-Bridgwater
equation, the extrusion pressure could be determined
at different temperatures (Equation 5). This temper-
ature modified Benbow-Bridgwater equation yields a
value for the extrusion pressure accounting for tem-
perature, Pp. The constants A and B are defined
by the subscripts: o, 7o and SB. The values for «
were averaged and the resultant value described as
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Figure 7 The extrusion pressure of two samples (O and x) of poly-
mer/ceramic refractory paste, at an extrudate velocity of 1.157 mm/s
and a die diameter to length ratio (L /D) of 8.33, as a function of temper-
ature. Included is the extrusion pressure data (Pr) calculated from the
modified Benbow-Bridgwater equation.
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o,y. In Fig. 7 an example is given of how the modi-
fied Benbow-Bridgwater equation fits the experimental
data. The modified Benbow-Bridgwater equation ap-
pears to model the data well. There is a small amount
of deviation from the data at 30°C but this may well be
due to the larger errors observed at this temperature.

Pr = (Ag, P/ + a,yV) In(Dy/ D)
+4(Ag B /R 4 AgeP/RTV)(L/D)  (5)

It can be argued that the raw extrusion pressure data
would fit an Arrhenius relationship. However, the ex-
trusion pressures at each extrudate velocity (V') and die
length to diameter ratio (L/D) would yield a differ-
ent value for the Arrhenius constants. Thus, the model
would be based on the experimental conditions and not
a material property. The Benbow-Bridgwater parame-
ters are constant within the range of conditions used.
As the Arrhenius plots were devised for the three pa-
rameters, they should provide an estimate of the ex-
trusion pressures at different temperatures and under
different experimental conditions within the ranges se-
lected. The temperature modified Benbow—Bridgwater
equation can compare the extrusion pressure of the ma-
terial at different extrudate velocities and die length to
diameter ratios.

The use of the temperature modified Benbow and
Bridgwater equation could help in the handling and
use of taphole clay materials. Using this equation, it
may be possible to have more control over taphole clay
properties by manipulating the extrusion pressure. The
Benbow and Bridgwater parameters would be different
depending on the specific composition used but once
they were established for a particular taphole clay the
temperature could be controlled to establish the desired
extrusion pressure.

4. Conclusions

The effect of temperature variation on the extrusion
behavior of a polymer/ceramic refractory paste was
found to be significant. The extrusion pressure de-
creased considerably when the extrusion temperature
was increased. The Benbow and Bridgwater parame-
ters of initial wall stress (7g), wall velocity factor (8),
and yield stress at zero velocity (og) were also found
to decrease with temperature. However, the yield stress
velocity factor (), as found to bear no strong relation-
ship with temperature.

The viscosity of the binder was also found to de-
crease as the temperature increased. The viscosity ap-
pears to have a large influence on three of the four
Benbow and Bridgwater extrusion parameters. A cor-
relation was established between three of the Benbow
and Bridgwater parameters (7y, 8, and op) and the vis-
cosity of the binder. The variation of the viscosity can
explain much of the variation seen in the extrusion pres-
sure as the temperature is varied.

Utilising an Arrhenius model for three of the Benbow
and Bridgwater parameters and an averaged value for «,
a modified Benbow-Bridgwater equation was created.



This model takes into account the effect of temperature
on the extrusion pressures of the polymer/ceramic re-
fractory paste. These findings should be useful for con-
trolling the extrusion of taphole clay into an iron making

bl

ast furnace. Further work is required to fully under-

stand the factors that influence the Arrhenius constants
for each of the Benbow-Bridgwater parameters.

References

1.

J. BENBOW andJ. BRIDGWATER, “Paste Flow and Extru-

sion” (Clarendon Press, Oxford, 1993).

. Y. CHEN, A. BURBIDGE andJ. BRIDGEWATER, J. Am.
Ceram. Soc. 80 (1997) 1841.

. J. S. REED, in “Principles of Ceramic Processing,” 2nd ed. (John
Wiley and Sons Inc., New York, 1995).

. C. RAUWENDAAL, “Polymer Extrusion,” 3rd ed. (Hanser Pub-
lishers, Munich, 1994).

. A. H. ANDERSON andJ. M. NEWTON, in “Rheology of

Food, Pharmaceutical and Biological Materials” (Elsevier Science

Publishers, London, 1990) p. 258.

6.

10.

11.

12.

. 0. DRAPER, S.

.S. L. ROUGH, D. I.

D. B. PRICE andJ. S.
(1983) 1348.

REED, Amer. Ceram. Soc. Bull. 62

.J. J. BENBOW, S. BLACKBURN andH. MILLS, J. Mater.

Sci. 33 (1998) 5827.

BLACKBURN, G. DOLMAN, K.
SMALLEY and A. GRIFFITHS, J. Mater. Proc. Tech. 93 (1999)
141.

. J. ZHENG and W. B. CARLSON, J. Amer. Ceram. Soc. 75

(1992) 3011.

N. P. BROWN, “Surrey Handling Design of Solid—Liquid Sys-
tems” (Elsevier Science Publishers Ltd., London, 1991) p. 17.

A. D. U. S. AMARASINGHE and D. I. WILSON, Trans.
IChemE 76 (1998) 3.

H. BOHM andS. BLACKBURN, Brit. Ceram. Trans. 93 (1994)
169.

. S. GLASSTONE, in “Textbook of Physical Chemistry,” 2nd ed.

(Macmillan, Princeton, 1946).
WILSON and J.
Trans IChemE 80 (2002) 701.

BRIDGWATER,

Received 24 December 2003
and accepted 10 August 2004

321



