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The traditional process for pottery production was analyzed in this work by developing a fundamental
mathematical model that simulates the operation of rustic pottery furnaces as employed by natives of
villages in Michoacdn, Mexico. The model describes radiative heat transfer and fluid flow promoted by
natural convection, phenomena that determine the operation of these furnaces. An advanced radiation
model called the “Discrete Ordinates Model” was implemented within a commercial computational fluid
dynamics software. Process analysis was performed to determine the effect of the design variables on the
quality of the pottery pieces and on energy efficiency. The variables explored were: (a) Geometric aspect
ratio between diameter and height of the furnace (D/H) and (b) Refractory thickness (L). The model was
validated using experimental temperature measurements from furnaces located in Santa Fe and Capula,
Mexico. Good agreement was obtained between experimental and numerically calculated thermal histories.
It was found that furnaces with high aspect ratio D/H and with thick refractory bricks promote thermal
uniformity and energy savings. In general, any parameter that increases the conductive thermal resistance
of the wall furnace isolates better, and helps energy savings. Operating conditions that provide the smallest
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thermal gradients and lowest energy consumption are given.
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1. Introduction

Despite the fact that the production of pottery represents an
important income to many people in Mexican communities,
i.e., it is rather critical for their social and economical status,
there are no significant efforts in research and development to
improve pottery quality and production for this region. Pottery
processing involves several successive stages whatever pottery
process is used: (1) Preparation of the mud or clay, (2)
Modeling, (3) Drying, (4) Sealing, (5) Decorating, (6) First
heating stage, and (7) Second heating stage. Pottery furnaces
are normally employed both in the first and second heating
stages. Their functions are: (a) Take the modeled and dried mud
to a sintered state, where the ceramic body acquires properties
such as hardness, stability, mechanical resistance, and chemical
resistance to the various physical and chemical external agents.
Sintering takes place at a temperature between 700 and 850 °C;
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sintering is called by the furnace operators as the first heat; and
(b) Melting the glass, which is often called “heating of glass,”
at a temperature range of 980-1000 °C. This melting stage is
normally named the second heat. There are several types of
furnaces commonly employed by the potters; however, the
most popular furnace traditionally used is the “open sky”
furnace (“cielo abierto” in Spanish), which is sketched in
Fig. 1. Two chambers compose this furnace: (a) a superior
chamber where the pieces are placed, and (b) an inferior
chamber where combustion of firewood takes place. In order to
operate the furnace, handcrafts pieces are introduced to the
superior chamber of the furnace, which is covered by a top lid
made by refractory pieces, know typically as “tepalcates”
(pieces of cooked scrap mud). The furnace starts at low fire and
as the operation proceeds, the feeding rate of combustible
increases (firewood, charcoal, etc.), to achieve the required final
temperatures in the first and second heating stages. The potter
empirically estimates adequate temperatures by looking at the
color of the pieces, which requires a lot of experience.
Temperatures inside the furnace are not measured during a
typical heat.

The objective of this work was to develop a rigorous
fundamental mathematical model able to assist the design for a
better pottery furnace to be used by the potter community. Main
features of this furnace must include an optimum performance
based on the following considerations: (a) Minimum consump-
tion of energy, (b) Uniform temperature distribution inside the
superior chamber, and (c) Propose a furnace configuration that
results in optimum heating (location of the burners, geometry of
the furnace, and the like). Mathematical modeling was based on
complex heat transfer calculations that simulates from first
principles in the process of pottery fabrication in a furnace
located in Santa Fé de la Laguna (small Indian town in
Michoacan State, Mexico located 44.8 km west of Morelia city).
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Fig. 1 Schematic representation of cylindrical furnaces opened to
sky

Currently, there is not much information about specific
research studies on traditional pottery furnaces. Potter commu-
nities operate their furnaces empirically. Some of the works that
have been made regarding the improvement of the production
of pottery, especially in the native regions of Michoacan,
México, have been focused to the characterization and
preparation of inorganic glasses without lead (“fritas” in
Spanish) (Ref 1). Another study was based on the character-
ization of an inverted draft furnace for ceramics, which was
developed at the Santa Fé de la Laguna shop (Ref 2). Project
ALFAR (Ref 3) developed a competitive prototype pottery
shop. The study of the characterization and preparation of the
pastes, from the mineralogical, chemical, and thermal point of
view, concluded that in order to obtain pottery handcraft of
good mechanical properties it is necessary to optimize the
pottery furnace (Ref 4). Specifically regarding studies on
pottery furnaces, a “black box” mathematical model (statisti-
cal) has been published (Ref 1), describing the thermal history
at several positions inside the furnace. The model was
developed with measurements made in pottery furnaces located
in the México State (Metepec) and Michoacan State (Capula,
Patamban, Santa F¢, and Tzintzuntzan) (Ref 1).

2. Mathematical Modeling

2.1 Assumptions and Governing Equations

Traditional pottery furnaces use firewood as the main energy
source. Once firewood combines with oxygen contained in the
air present in the Inferior chamber, it generates energy by
combustion. The energy released is then transferred from the
flame to the walls of the furnace, which in turn transfer heat to
the pottery pieces by radiation; therefore, inside the superior
chamber of the furnace, radiation is the dominant heat transfer
mechanism. Consequently, this model tried to represent
radiation in the most rigorous way by employing advanced
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Fig. 2 Schematic representation of the radiation processes occur-
ring in the gas media

radiation models. There are several advanced radiation models
available, but after performing an extensive analysis based on
the considerations of the optic thickness, convergence, etc. (Ref
5) it was decided to use the so-called “Discrete Ordinates”
model (DO) (Ref 6-8), which is already implemented in the
commercial Computational Fluid Dynamics (CFD) software
FLUENT 6.1. Complex radiation heat transfer calculations
were performed inside the furnace considering not only the
radiation absorbed and emitted by the walls but also taking into
account that the gas in the atmosphere inside the furnace
participates in the heat exchange process. The DO model solves
the fundamental Radiation Transport Equation, RTE, for a gas
media that absorbs, emits, and scatters radiation in the “r”
position directed in “s” direction for finite number of discrete
solid angles, each of them associated with a vector s in a global
Cartesian system (x, y, z), which can be written as:

V- (I(#75)s) + (a + o,)I(7,5)
(T L [ Ea )
=an ( - )+4n/0 I[(7,5)D(5-5")dQ

where 7 is the position vector, 5 is the direction vector, ¥ is
the scattering direction, s is the length of the trajectory,
a is the absorption coefficient, G is the scattering coefficient,
o is the Stefan Boltzman coefficient (5.672x10~° W/m*K*),
I is total radiation intensity, which depends on the position
vector 7 and the direction s, T is the local temperature, @ is
the phase function, and Q is the solid angle. The term
(a + o) is the optical thickness or opacity of the gas media.
The refraction index n is important when considering radiation
in a semitransparent media. Figure 2 illustrates the radiation
heat transfer process. It is important to provide a physical
interpretation for each one of the terms of Eq 1 within the
radiant energy balance: The first term of the left side is
the radiation intensity change with respect to the direction
coordinate 5, and the second term represents absorption and
scattering losses in that direction; while the first term of the
right-hand side of the equation is the emission of radiation
from air inside the volume element and the second term is the
scattering that adds to the radiation intensity / for the same
direction.
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The scheme of the model is simple: a radiation intensity (/)
flows with s direction into the element of volume of gas (with a
size ds at a position 7). Part of this incoming radiation is
absorbed or it is scattered (/(a + ©,)ds) by the gas, and the rest
goes out in the s direction, i.e., transmitted radiation. Total
radiation going out with the same s direction is equal to the
transmitted radiation plus the radiation emitted and scattered by
the gas in that direction. The DO model requires previous
knowledge about the absorption coefficient a as an input datum.
The model solves as many transport equations as there are
scattering directions 5 considered in the computational domain.

Additionally, the model includes fluid flow phenomena
promoted by natural convection driven by temperature gradi-
ents inside the furnace (consequently creating density gradi-
ents). The fluid flow problem was stated in the laminar regime
(see Table 2 where the Grashof number is lower than the
transition value from laminar to turbulent regime in flows
driven by natural convection) and involves the solution of the
Navier-Stokes equations in the » and z components (2D
calculation since 0 component is not important for symmetric
considerations) simultaneously with the continuity equation.
The driving force for fluid flow is due to buoyant forces due to
gradients in density, which are accounted by the Boussinesq
approximation (Ref 9) as an extra source term in the z
component of the Navier-Stokes equation.

2.2 Boundary Conditions

Boundary conditions for the energy conservation equation
comprise a heat flux coming into the system through the bottom
wall (Ref 5). Furthermore, it is necessary to compute heat flux
losses through the lateral wall by conduction, which can be
achieved only if refractory thickness and its thermal conduc-
tivity are known. Actually, the refractory thickness was
included as a design parameter in the model, in order to
improve energy efficiency of the furnaces. Finally, heat losses
through the superior wall by conduction were also used as
boundary condition but using a constant thickness of 0.05 m
due to the fact that in practice, the superior wall is the worst
isolated zone, because it is covered with broken pieces of
cooked mud (“tepalcates”). Heat losses by conduction are
calculated assuming one-dimensional walls, where heat fluxes
can be expressed by Fourier’s law as:

dT
B Al
dx

where ¢, is the heat flux by conduction through the furnace
walls, k is thermal conductivity of the wall refractory, and x
is the coordinate perpendicular to the wall since it is assumed
that one-dimensional heat conduction is directed perpendicu-
lar to each wall.

For the fluid flow problem, the boundary conditions are quite
simple and indicate the nonslip condition at the walls which means
that parallel components of velocity to the walls are zero, while it
is also considered that walls are impermeable to air, meaning that
normal components of velocity to the wall surface are also zero.

Runs were performed in unsteady state from an initial
condition of constant ambient temperature marching with time
until the end of the heat is reached at 11,700 s of operation.

qx = (Eq 2)

2.3 Solution

The complete set of partial differential equations that
describe the radiation heat transfer problem using the “DO”
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model together with two components of the Navier-Stokes
equations plus the continuity equation subjected to their proper
boundary conditions were cast into a numerical finite element
formulation that is already implemented in the commercial
software for computational fluid dynamics FLUENT version
6.1. The grid employed for this computation used 15,500 nodes
in a uniform grid after an extensive grid sensitivity study (Ref
5). Time steps of 1 s were used in all simulations.

2.4 Validation of the Model with Experimental
Measurements at Santa Fé, Mich. and Capula, Mich.

There is a study found in the literature (Ref 1) that
performed experimental measurements of thermal histories
during operation of real pottery furnaces at Santa Fé and
Capula, Michoacan. Table 1 reports dimensions of these
furnaces (diameter, height, refractory thickness, total area of
radiation, furnace volume), firewood consumption, energy
generation rate, duration of each heat, and average heat fluxes
or heat flows, while in Table 2 physical and transport properties
for air are presented.

It is noted that we know the total energy produced when a
kilogram of firewood is burned in air, but the way this energy is
released with time it is not known. We arrived to the conclusion
that the amount of heat flowing into the furnace is equal to the
energy produced by combustion of firewood (see Table 1) per
unit of area of the bottom wall, but distributed in time as a

Table 1 Operating conditions of Santa Fé and Capula
furnaces

Properties Santa Fé Capula
Height 0.55m 0.853 m
Diameter 0.62 m 1.1 m
Area 0.95033 m’ 2.1904 m’
Volume 0.59921 m’ 2.4094 m’
Thickness of 0.15 m 0.20 m
refractory
Wood 112 kg 143 kg
consumption
Total time 11,700 s 21,600 s
Energy 1.94x10° J 2.48x10° T
consumption
Average heat flow 165811.966 W 1.15x10° W
Total heat flux 174,478 W/m* 5.23x10* W/m?
Heat flux as a q(f) = 0.63253 x q(t) =1.673x
function of time (23400 — 1)t 105 2(5)
Table 2 Physical properties of air
Santa Fé Capula
Gas properties (air) (T = 1147 K) (T =1142 K)
Boussinesq’s reference 0.259 kg/m® 0.2605 kg/m’
density
Specific heat 1180 J/kg'K 1170 J/kg'K
Thermal conductivity 0.0756 W/mK 0.0753 W/mK
Viscosity 456x107° kg/ms  4.55x 107 kg/m's
Thermal expansion 8.22x107* K™! 8.54x 107 K™
coefficient
Raleigh number (Ra) 1.4166x10° 1.3723x10°
Prandtl number (Pr) 0.7301 0.6525

Grashof number (Gr)

1.03426 x 10°

8.95425 %108
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polynomial function of time. These polynomial distributions
are dictated by the shape of the experimentally determined
thermal histories. This heat flux is distributed uniformly along
the bottom wall. In other words, based on the shape of the
measured temperature histories, the heat flux entering the
furnace was distributed in time in such a way that this flux has
similar function of time (in shape) as the measured thermal
histories, but with the constraint that integration of the heat flux
distribution over the total time and bottom area gives the total
energy generated by the combustion of the total amount of
firewood employed. Finally, physical properties recently mea-
sured for the refractory are reported in Table 3 (Ref 4).

Figure 3(a) shows the experimental setup and the position of
each thermocouple inside furnace. The thermocouple TI1 is
highlighted because thermal histories at that position were
employed to validate our numerical model for the Santa Fé and
de Cépula furnaces, while in Fig. 3(b) and (c) comparisons
between experimental (dots) and numerically calculated results
(solid lines) are presented. These figures show excellent
agreement between experiments and numerical predictions,
which constitutes by itself the validation of our model.

Table 3 Physical properties of the refractory material

Refractory of Refractory of

Properties Santa Fé furnace Capula furnace
Thermal diffusivity, m%/s 1.23x1077 1.5x1077
Density, kg/m® 1.98x10° 1.74x10°
Thermal conductivity, W/mK 1.031 1.65

Specific heat, J/kg'K 4233.39 6.32x10°

Validation of the numerical calculations in Fluent
with experimental measurements in real furnaces

3. Results and Discussion

Process analysis was carried out to understand the perfor-
mance of Santa Fé’s furnace (dimensions, amount of firewood,
etc). This process analysis was focusing on exploring the effect
of the following design variables on the productivity, energy
efficiency, and thermal uniformity of the furnace: (1) Aspect
ratio of the superior chamber of the furnace, i.e., diameter over
height (D/H) and (2) Wall refractory thickness. Outputs
obtained for each design variable were: (1) Temperature
distribution at the end of the heat; (2) Flow patterns promoted
by natural convection; (3) Thermal history of thermocouple T1
(see Fig. 3a); (4) Usable volume fraction of the furnace. The
last parameter refers to the region inside the superior chamber
of the furnace where temperature ranges from 1260 to 1280 K,
which corresponds to the best temperature range for pottery
production according to the potter expertise (especially in the
second heating stage). Regions where temperatures at the end
of the heat are out of this range are not suitable for good quality
pottery fabrication; and (5) Maximum temperature gradients
inside the furnace as a function of time, ie., T1-T7 (see
Fig. 3a).

3.1 Effect of the Aspect Ratio (D/H)

For this analysis, the volume of the superior chamber of the
furnace was kept constant and the aspect ratio D/H values used
in this analysis were 1.75 (case 1), D/H = 0.5 (case 2), D/
H =1 (case 3), and D/H = 2.5 (case 4). All cases were run with
a refractory thickness of 0.15 m and the heat flux distribution
entering from the bottom wall as a function of time is reported
in Table 1.
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Fig. 3 (a) Experimental positions of the several thermocouples in both furnaces. (b) Experimental and calculated temperature profiles as a
function of time in a production heat in the furnace of Santa Fé. (c) Experimental and calculated temperature profiles as a function of time in a

production heat in the furnace of Capula
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Temperature distribution at the end of the operation can be
seen in Fig. 4(a-d) for the different aspect ratios studied in this
work. From the results it is evident that by decreasing
the aspect ratio D/H, temperature gradients increase between
the hottest zone close to the bottom and the coolest zone near
the top surface. In the furnace with an aspect ratio D/H = 2.5
(Fig. 4d) it can be appreciated that temperatures are more
uniformly distributed than in any other case. Besides, temper-
atures obtained at the end of the heat are higher in most of the
volume of the Santa Fé’s furnace with an aspect ratio D/H of
2.5 than in any furnace with lower aspect ratios. These two
facts mean that the aspect ratio is a very important design
parameter for the efficiency in pottery production since the
higher is the aspect ratio D/H of the furnace, the lower is the
temperature gradients and the better is the uniformity of
temperatures inside the furnace. Even more importantly, the
better is the energy efficiency since for the same amount of
energy employed higher temperatures are obtained at the same
final time for a D/H = 2.5 than in any other D/H value. This
would imply the possibility of using the entire volume of the
furnace to allocate pottery handcraft since the bottom and top of

the superior chamber would be practically at the same
temperature, which would avoid wastes of material due to
pieces not sintered or exposed too much at high temperatures.
This in turn would mean an improvement in productivity and
energy savings since less time and energy would be required to
reach the appropriate range of temperatures for pottery
fabrication. The benefits of operation with D/H = 2.5 do not
occur in furnaces with low values of D/H (for example
D/H = 0.5 in Fig. 4b), where pieces located at the top of
furnace would be at a temperature 500 °C less than the pieces
located at the bottom of the furnace. Such a pronounced
temperature gradient inside the furnace (for low D/H values)
would cause that pottery located at the top would have very
different physical properties than those located at the bottom of
the furnace, and consequently some pieces would not sinter
while others would be sintered for more time than necessary,
increasing dramatically the number of rejected pieces. How-
ever, there is a technical difficulty in building furnaces with
high values of D/H, since it would be very difficult to distribute
the heat flux evenly over the entire large bottom area of the
superior chamber. Probably, a simple solution would be to
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Fig. 4 Calculated temperature contours at the end of the heat in the furnace located in Santa Fé using the same refractory, same volume of the
chamber, and the same amount and feeding rate of firewood, but varying the aspect ratio D/H: (a) D/H = 1.75 (actual aspect ratio of the fur-

nace), (b) D/H = 0.5, (c) D/H =1, and (d) D/H = 2.5
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replace firewood as energy source by gas burners, which are
ideal to regulate and control heat flows easily.

Flow patterns obtained at the end of the heat are depicted in
Fig. 5(a-d) for each furnace with different aspect ratios D/H
explored in this work. Flow patterns are promoted by natural
convection since there is no other force driving the flow inside
the furnace. Natural convection results from the existing
thermal gradients. Air at low temperatures is less dense than
hot air; therefore, due to the heating of the superior chamber of
the furnace through the bottom surface, hot air (with low
density) is under cold air (with high density), as can be
appreciated from the temperature contours of Fig. 4. This
physical condition is unstable and thus cold air will descend
close to the side walls while hot air ascends vertically through
the center of the furnace. This circulation scheme forms a
recirculation path since there is no way for the air to escape
through the furnace due to the impermeability of the walls. In
the four cases of Fig. 5(a-d), two recirculation loops can be
easily identified due to the system symmetry. These flow
patterns present moderate velocities of the order of 0.1 m/s,
which corresponds to a typical value for flows driven by natural
convection due to thermal gradients. Velocities will be greater
in magnitude as temperature gradients increase inside the
furnace. Therefore, the furnace with aspect ratio D/H = 0.5 has
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larger thermal gradients(see Fig. 4b, 5b), presenting higher
magnitudes of air velocity than in the other cases with higher D/
H values. Particularly, a furnace with the largest aspect ratio of
D/H = 2.5, which has a uniform temperature distribution (small
thermal gradient), presents the weakest flow patterns, i.e., air is
more static in furnaces with D/H = 2.5. However, natural
convection does not play a key role in the heat transfer process,
since, in this case, convection heat transfer can be neglected in
comparison with radiation. Performing a simple order of
magnitude analysis, it can be concluded that natural convection
with velocities in the order of 0.1 m/s typically are associated
with heat transfer coefficients lower than 3 W/m*K (Ref 10).
Estimation of radiative heat flux is of the order of 10° W/m?,
while for convective heat flux is of the order of 10° W/m? for
this system. This is the reason why the flow pattern by itself is
an unimportant phenomena for the operation of the furnace,
since convection as a heat transfer mechanism is unimportant
relative to radiation.

Temperature profiles in the furnace obtained at the end of
the heat from 1260 to 1280°K can be seen in Fig. 6(a-d) for
each furnace and different aspect ratios. These plots have
practical importance because the range of temperatures shown
(1260-1280°K) is considered to be the optimum in order to
obtain good quality pieces. Otherwise, pieces maintained at
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Fig. 5 Calculated velocity profiles of air inside the furnace (natural convection) at the end of the heat in the furnace located in Santa Fé using
the same refractory, the same volume of the chamber, and the same amount and feeding rate of firewood, but varying the aspect ratio D/H: (a)
D/H = 1.75 (actual furnace), (b) D/H = 0.5, (c) D/H =1, and (d) D/H = 2.5
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Fig. 6 Calculated temperature profiles inside the furnace at the end
produce good quality pottery (1260-1280 K), using the same refracto
of firewood, but varying the aspect ratio D/H: (a) D/H = 1.75 (actual

temperatures above or below this temperature range will not
accomplish the minimum quality criteria based on physical and
mechanical properties, resulting in disposal of pieces. Conse-
quently, temperature contours plotted from 1260 to 1280 K are
used as the criteria to specify the usable volume fraction of the
furnace, since these contours give us a clear and graphic
indication of the best region to allocate pottery in the furnace.
Evidently, furnaces with low aspect ratio D/H have a small
useful region than a furnace with high aspect ratio (D/H = 2.5),
which has the biggest fraction of the volume useful for
obtaining good quality handcrafts. This is in complete agree-
ment with previous comments regarding internal thermal
gradients, i.e., a furnace with large thermal gradients cannot
provide high useful volume of the furnace when compared
against a furnace presenting a uniform temperature distribution.
Therefore, the higher the aspect ratio is, the higher the thermal
uniformity and the bigger the volume fraction of the furnace
useful for locating pieces are, because these pieces will be
subjected to the same adequate temperature.

Computed thermal histories near the center and at the
bottom of the furnace (thermocouple T1 in Fig. 3a), as well as
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of the heat showing the fraction of the furnace located in Santa Fé able to
ry, the same volume of the chamber, and the same amount and feeding rate
furnace), (b) D/H = 0.5, (c) D/H =1, and (d) D/H = 2.5

the maximum thermal gradient inside the furnace predicted by
the model (T1-T7 from Fig. 3a) are presented in Fig. 7(a) and
(b), respectively. From the thermal history presented in
Fig. 7(a), it can be observed that the furnace with the lowest
aspect ratio (D/H = 0.5) presents a slightly higher heating rate
than that for the rest of the cases. However, at the end of the
heat (more than 11,000 s) it can be seen that the trend is
somewhat inverted. This means that despite the fact that the
same amount of heat is introduced through the bottom during
the same time, furnaces with larger D/H present better thermal
efficiency. Without doubt this is due to the great bottom surface
area (through which heat flows into the furnace) associated to
D/H and at the same time small lateral areas that are associated
to heat losses. The opposite happened with furnaces with low
aspect ratios D/H, with big lateral surface areas through which
enormous heat losses occur. It is recognized that larger
conduction area means less thermal resistance and therefore
more heat losses are present and less energy efficiency is
achieved in the operation of the furnace.

Regarding the maximum temperature gradients inside the
furnace (see Fig. 7b), it can be appreciated that as D/H
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Fig. 7 (a) Thermal history at the position of thermocouple number 1 inside the furnace of Santa F¢, using the same refractory, the same vol-
ume of the chamber, and the same amount and feeding rate of firewood, but varying the aspect ratio D/H (D/H = 1.75 (actual furnace), 0.5, 1.0,
and 2.5). (b) Maximum thermal gradient history (T1-T7) inside the furnace of Santa Fé using the same refractory, the same volume of the cham-
ber, and the same amount and feeding rate of firewood, but varying the aspect ratio D/H (D/H = 1.75 (actual furnace), 0.5, 1.0, and 2.5)
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Fig. 8 Calculated contours of temperature 2‘3"&’{? end of the heat in the furnace of Santa F¢, using the same aspect ratio (D/H = 1.75) and the
same amount and feeding rate of firewood, but varying thickness of the refractory: (a) L =0.05 m, (b) L =0.15 m (actual furnace), and (c)
L=025m

increases the thermal gradient decreases. It is interesting to note reached in the furnace with D/H = 0.5 of approximately 350 °C
that the thermal gradient increases with time from the beginning in contrast to the thermal difference of only 90 °C reached in
and then reaches a maximum that occurs at longer times as D/H the furnace with D/H =2.5. This result is in excellent
decreases and then the gradient decreases with time. Another agreement with the statements about temperature profiles given
interesting aspect to note is the high maximum thermal gradient above.
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3.2 Effect of the Thickness of Refractory

In these calculations, the furnace aspect ratio was kept
constant at D/H = 1.75 (actual furnace value) and the heat flux
distribution with time entering the furnace through the bottom
was the same as reported in Table 1. Refractory thickness
values used in this study were 0.05, 0.15 (thickness of lateral
and bottom walls in the actual furnace), and 0.25 m. Temper-
ature profiles inside the furnace at the end of the process can be
seen in Fig. 8(a-c), for the three furnaces with different wall
thickness explored in this work. It can be noted that as the
refractory thickness is increased the final temperatures inside
the furnace increase for the same amount of energy supplied
and for the same time. When a refractory with thickness of
0.05 m is used, the average temperature inside the furnace at
the end of the process is between 1000 and 1100 K, which
would be quite low and hence the operation would require more
time and energy consumption to reach the adequate tempera-
tures for pottery production. On the contrary, when a refractory
0.15 m thick is used, the average temperature at the end of a
normal heat (11,700 s) is between 1200 and 1300 K, while
using a thicker refractory brick of 0.25 m, the average
temperatures at 11,700 s are above 1400 K. An explanation
for these results is evident since the thicker refractory isolates
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better the furnace and the energy transferred from the
combustion of firewood is more efficiently used. A thermal
resistance by conduction in a one-dimensional wall, which
opposes to the heat transfer (obviously the higher the thermal
resistance the lower is the heat flow through the furnace walls),
can be defined as:

. L
Thermal Resistance = o
where L is the refractory thickness, 4 is the heat transfer area,
and k is the thermal conductivity of the wall. The thermal
conductivity & should be the same due to the opposition of
the Indian potter community to substitute their furnaces made
of adobe bricks obtained from local clays (same k), compared
to any other commercial clay having much lower thermal
conductivity and consequently being a better insulation. This
is why the only design variables to be changed in this study
are A (through the aspect ratio D/H) and L. Obviously, by
maintaining constant the aspect ratio D/H, 4 did not change
in these calculations (it was stated in the previous section that
a decrement in D/H increases A and also increases the heat
losses and efficiency decreases), then the refractory thickness
being the only design variable in this section. Then, an incre-
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Fig. 9 Calculated velocity profiles inside the furnace of Santa Fé (natural convection) at the end of the heat, using the same aspect ratio (D/
H = 1.75) and the same amount and feeding rate of firewood, but varying thickness of the refractory: (a) L = 0.05 m, (b) L = 0.15 m (actual fur-

nace), and (¢) L =0.25 m
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ment in the thickness of refractory increases the thermal resis-
tance by conduction and then thicker refractory walls insulate
better the furnace improving energy efficiency by minimizing
heat losses.

Flow patterns at the end of the heat in different furnaces
with varying thickness of refractory are shown in Fig. 9(a-c). It
is clearly seen from the figures that increasing the thickness of
the refractory decreases the intensity of the convective streams
(velocity vectors are larger close to the lateral walls in Fig. 9a
than in Fig. 9b, ¢), which is due to the smaller thermal gradients
associated with thicker walls (more uniform temperatures in the
furnace).

Temperature profiles at the end of the operation from 1260
to 1280°K can be seen in Fig. 10(a-c) for the three furnaces
employing different refractory wall thickness. It was already
stated that plotting this temperature range (1260-1280 K) is a
good graphic indicator of the useful region inside the superior
chamber of the furnace. In this case, the total operating time
was controlled to allow all furnaces to reach the mentioned
proper range of temperatures (evidently more energy was
introduced into the furnace or more actual time took the
operation as the refractory becomes thinner). It can be noted
that there are no significant differences regarding the useful
zones of the three cases varying refractory thickness, being
slightly bigger for thicker walls of 0.25 m than for thinner
walls. Additionally, the strip of useful volume fraction looks
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top lid
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more horizontal than in the other cases, because the heat losses
are lower when wall thickness is L = 0.25 m, while for cases
with thickness of 0.05 and 0.15 m the useful strip region has
the shape of an arc due to the great heat losses through lateral
walls. However, it is necessary to remember that the total
energy input was higher as the refractory thickness becomes
thinner.

Computed thermal histories at the center bottom of the
furnace (thermocouple T1) and maximum gradient of temper-
atures as a function of time can be seen in Fig. 11(a) and (b),
respectively. It can be observed from Fig. 11(a) that as the walls
get thicker temperatures get hotter at a given time (the energy
input being the same at a given time for each case). This
confirms that thicker walls improve energy efficiency since heat
losses are inversely proportional to the wall thickness (Eq 3).
Regarding thermal gradients inside the furnace, the thicker the
walls the lower is the gradient. However, the thermal gradients
in the furnace are more sensitive to the furnace aspect ratio than
to the thickness of the refractory, since the maximum thermal
gradient reached for a wall thickness of 0.05 m is 130 °C,
while using a thickness of 0.25 m maximum gradient reached is
110 °C, i.e., the wall thickness do not influences thermal
uniformity but it is very important on energy efficiency. It is not
simple to give a fully comprehensive reason of why the wall
thickness doesn’t determine the thermal gradients in the
furnace, but it seems that the aspect ratio is the design variable
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Fig. 10 Calculated temperature profiles inside the furnace of Santa Fé at the end of the heat showing the fraction of the furnace able to pro-
duce good quality pottery (1260-1280 K), using the same aspect ratio (D/H = 1.75) and the same amount and feeding rate of firewood, but vary-
ing thickness of the refractory: (a) L = 0.05 m, (b) L = 0.15 m (actual furnace), and (c) L = 0.25 m
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Fig. 11 (a) Thermal history at the position of thermocouple number 1 inside the furnace of Santa Fé, using the same aspect ratio (D/H = 1.75),
the same volume of the chamber, and the same amount and feeding rate of firewood, but varying thickness of the refractory L (L = 0.05 m,
L = 0.15 m (actual furnace), and L = 0.25 m). (b) Maximum thermal gradient history (T1-T7) inside the furnace of Santa Fé using the same as-
pect ratio D/H = 1.75, the same volume of the chamber, and the same amount and feeding rate of firewood, but varying thickness of the refrac-

tory L (L =0.05 m, L =0.15 m (actual furnace), and L = 0.25 m)

controlling uniformity, indicating that radiation between sur-
faces and the size of the lateral walls both play key roles
regarding heat losses. Therefore, having big hot surface area at
the bottom and small lateral walls help to homogenize
temperatures inside the furnace, and to save energy.

4. Conclusions

In this work the operation of traditional adobe furnaces
employed to produce pottery that are currently operating in
some villages located in Michoacan, México was analyzed. The
main objective of the present research was to provide optimum
design conditions in order to achieve adequate energy effi-
ciency, high productivity, and pottery of good quality. The
design parameters investigated in this work were: (a) Geometric
aspect ratio (D/H), and (b) Thickness of the refractory (L).
Based on the results obtained from the model it was found that:
(a) furnaces with increasing values of the aspect ratio (D/H) are
better than furnaces with small aspect ratio. High aspect ratio
furnaces promote thermal uniformity and energy savings since
the higher is the aspect ratio the higher is the area where heat
transfer takes place from the bottom where firewood is located
and simultaneously decreases lateral wall through which there
are heat losses. Then, by decreasing the area through which
there are heat losses automatically increases the thermal
resistance and consequently the furnace is better isolated.
However, it is difficult to heat more area since it is necessary to
distribute better the firewood across the combustion chamber,
implying that it is not likely to operate under such aspect ratios
where furnace diameter is very large unless it were possible to
introduce the heat flow by using natural gas that can be easily
directed by a simple pipe system with burners. (b) Furnaces
employing thicker refractory walls work better than furnaces
with thin refractory walls. This is due to the fact that increasing
the refractory thickness improves thermal resistance by con-
duction through the walls, meaning that furnaces are better
isolated, and consequently they can achieve better thermal
uniformity and energy savings. However, there is a physical
limit for the refractory thickness after which it would be
impossible to construct the furnace, since the resulting bricks
would not be adequate to the architecture and building of the
furnace. The refractory type is another variable that can further

Journal of Materials Engineering and Performance

improve the thermal behavior of these furnaces, since using
better insulating materials would improve its operation. How-
ever, we decided not to explore this variable because, in our
opinion, it is very important to employ clays found near the
villages, since, in the contrary case, native communities would
not accept the bricks because it would go against their traditions
and it would increase the cost of the furnace.
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