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Abstract

The firing process for clay-brick production in traditional kilns generates at-
mospheric pollution when industrial and domestic scrap is used as fuel. An
alternative is presented here, using the solar energy for clay-brick firing. We
are developing a system for clay-brick firing to reach temperatures between
900°C and 1050°C; these temperatures are sufficiently high to fire bricks or

similar ceramic products. The present paper describes the design and charac- Keywords

terization of the components of a solar furnace for clay-brick firing with inner ; ;
chamber dimensions of 0.48 x 0.61 x 0.64 m. To convey the sunlight to the fi- ° atmosp.hen.c.pollutlon
ring chamber, a heliostat with nine 1 x 1 m mirrors is used to send the rays of ° clay.—brlck firing

the sun to an off-axis parabolic concentrator that focuses the light on the en- ° fOSS.I| fuels

trance of the firing chamber. The heliostat has a solar-tracking system which ° h.ellostat

makes primary and secondary adjustments to assure that the reflected solar * high-temperature solar
radiation always arrives at the concentrator. The firing chamber contains a furnace

prismatic cavity that absorbs the solar radiation to generate the heat which is * solar energy

needed for baking the bricks inside the firing chamber.
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Resumen

El proceso de coccion para la produccion de tabiques de arcilla en hornos tradiciona-
les genera contaminacion atmosférica cuando los desechos industriales y domésticos
se usan como combustibles. Aqui se presenta una alternativa, utilizando la energia
solar para la coccion de tabiques de arcilla. Estamos desarrollando un sistema para
la coccion de tabiques de arcilla para alcanzar temperaturas entre 900°C y 1050°C;
estas temperaturas son suficientemente altas para cocer tabiques o productos cerdmi-
cos similares. El presente articulo describe el disefio y caracterizacién de los compo-
nentes de un horno solar para la coccién de tabiques de arcilla con una camara con
dimensiones internas de 0.48 x 0.61 x 0.64 m. Para dirigir los rayos solares a la cd-
mara de coccion, un heliéstato con nueve espejos de 1 x 1 m se usa para enviar los
rayos del Sol a un concentrador parabdlico fuera de eje que concentra la luz en la
entrada la camara de coccién. El helidstato tiene un sistema de seguimiento solar que
realiza los ajustes para asegurar que la radiacion solar siempre llegue al concentra-
dor. La cimara de coccion tiene una cavidad prismdtica que absorbe la radiacion
solar para generar el calor, el cual es necesario en la coccion de los tabiques dentro de

Descriptores

e contaminacién atmosférica

e coccion de tabique de arcilla

e combustibles f6siles

e heliéstato

e horno solar de alta
temperatura

e energia solar

la camara de coccion.

Introduction

Production of clay bricks is a cottage industry on which
many third-world families depend. In Mexico there are
around 8000 traditional kilns for clay-brick firing. The
manual process involves the preparation of a clayey
mixture, which is then molded, dried, and finally fired.
The firing process generates atmospheric pollution, as
tires, firewood, wood residues, diesel oil, and fuel oil
are used as the fuel. The use of solar energy would help
alleviate environmental pollution; the present paper
describes the design and partial testing of a solar sys-
tem for clay-brick firing.

The combination of a stationary parabolic-dish con-
centrator and a heliostat has come to be known as solar
furnace (Ries et al., 1990). Worldwide there are several
solar furnaces, for example the heliostats in Albuquer-
que, New Mexico, USA (Alpert et al., 1991), the High-
Flux solar furnace in Golden, Colorado, USA
(Lewandowski et al., 1991), the solar furnace of 1000 kW
thermal power in Uzbekistan (Riskiev et al., 1991), the
solar furnace in Odeillo, France (Hernandez et al., 2006),
the solar furnace in Almeria, Spain (Ferndndez-Reche et
al., 2006), and the non-imaging focusing heliostat with
rotation-elevation tracking system in Malaysia (Chen et
al., 2001; Chen et al., 2002). The present paper describes
the design for a solar furnace, with a rectangular-prism
cavity which is heated to 1000°C by the introduction of
the reflected solar radiation.

A heliostat with nine mirrors, each with dimensions
of 1 x1m, is used to reflect sunlight to an off-axis, para-
bolic out-of-focus concentrator. This concentrator focu-

ses the light into a firing chamber. The off-axis geometry
is employed to avoid the firing chamber shadowing the
concentrator. All reflecting surfaces are made of anodi-
zed aluminum.

Inside the firing chamber is the cavity of rectangular
prismatic shape that absorbs the solar radiation and
emits the generated heat to bricks placed around the
cavity. In order to reduce heat losses, the firing cham-
ber has a composite wall, consisting of an innermost
layer of solid refractory ceramic material, followed by
an insulating blanket of ceramic fibers, and outermost a
carbon-steel sheet cover. The solar furnace was desig-
ned to fire ‘green’ (unfired) bricks obtained from towns
like La Solana, Amazcala, and others, all in the state of
Querétaro.

The clay-brick firing process

Brick manufacturing uses similar processes in different
areas, although the raw material and fuel used may vary
by region. The ingredients included in the clayey mixtu-
re may differ from area to area, as also the drying time
employed, to compensate for varying ambient tempera-
tures. Also, different regions use different arrangements
of bricks within the kiln. The brick manufacture process
used in the town of La Solana in Querétaro State starts by
extracting dry clay from the soil; this is then crushed and
coarsely sieved to obtain particles smaller than approxi-
mately 0.01 m. The clayey mixture is prepared with the
following proportions: 0.2 m® of clay, 0.1 m’ of sawdust
or straw, 0.1 m’ of cow dung, 0.05 m® of water. These
materials are mixed with a shovel until an easy-to-mold
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material is obtained. The clayey mixture is poured into
wooden molds containing six cavities (each with the di-
mensions of the brick to be formed), previously rinsed
with water to eliminate any clay remainders and prevent
the later adherence of the bricks. Next, a moistened me-
tal rule is slid across the top face of the bricks to remove
any excess material and to obtain a smooth, level surface.
The mud-filled forms are then inverted on a clean, moist
floor covered with clay dust, to later on facilitate the de-
tachment of the bricks.

During the next two days, the bricks are dried in the
sunlight. For this purpose, they are placed on end, in
loose lines (with about 0.02 m separation between
bricks). Once dry, the bricks are stacked in the traditio-
nal kiln, which has one or two shallow ditches, to hold
the burning fuel.

The kiln is fired for 12 hours (from the morning to
afternoon), with continuous feeding of fuel; it requires
0.8 m® of burnt oil to fire 10000 bricks. Once the heat has
reached the top of the kiln, the latter is covered with a
layer of dung, trash, or sawdust. Three days after the
beginning of the firing process, the kiln is emptied.

The production of traditional kilns is from 9000 to
13000 bricks per run, with usually only one run per
month. The use of fuels such as burnt oil, domestic or
industrial scrap, trash, tires, or diesel oil results in ma-
jor damage to the environment. Alternatively, kilns use
wood, thus contributing to deforestation.

Materials and Methods

This section describes the tests used to determine the
clay-brick parameters and the design of the solar clay
brick-firing system prototype.

Study of Clay-Brick Firing Parameters

The following parameters of the clay bricks were deter-
mined: color, weight, compression strength, water ab-
sorption, and plasticity. To examine these properties, dry
raw clay bricks made by the traditional method at La So-
lana in Querétaro State were fired in an electric muffle
oven (Barnstead/Thermolyne, Model F48055, 120V, 15 A,
1800 W, 50/60 Hz, monophasic) at different temperatures
(800°C, 850°C, 900°C, 950°C, 1000°C, 1050°C, or 1100°C)
for 12 hours, simulating a solar day in Querétaro City.
Color was measured with a spectrocolorimeter (Hun-
ter Lab, MiniScan XE); the instrument has a scale in three
axes: the L axis, whose maximum value is 100, which
would be the case for a perfect reflecting diffuser and the
minimum value is zero, which would be black; the a axis
has no specific numerical limits, positive is red and nega-

tive is green; the b axis has no specific numerical limits,
positive is yellow and negative is blue.

The weight difference of the fired brick relative to
the ‘green’ brick was determined with a triple-beam ba-
lance (Ohaus, Series 700/800).

The compression strength was determined according
to Mexican Norm NMX-C-036-1983 (Direccion General
de Normas, 1983). To this end, fired-brick test samples
with parallel surfaces were made (with dimensions of
0.055 x 0.06 x 0.07 m); next, molten sulfur was applied to
the surfaces where the plates of the universal test machi-
ne (Forney, Model LT-1150 with capacity of 150 tons)
make contact; finally, the test samples were put under
load, starting from 0 kg and gradually increasing until the
sample was broken, and the rupture value was recorded.

The water absorption test was performed according
to Mexican Norm NMX-C-037-1986 (Direccion General
de Normas, 1986). First, test samples of dry fired brick
(Ms) were weighed, then they were kept under water
for 24 hours, after which time they were taken out of
the water, dried superficially and weighed (Msss), and
finally the test samples were weighed when submerged
in water (Pa). The water absorption (A) is determined
with the following equation:

Msss — Ms
" Msss—Pa (0

To evaluate the plasticity of the clay used to make the
green bricks, its liquid limit and its plastic limit were
determined. The liquid limit was measured by the me-
chanical method, using the appropriate device. The
plastic limit was determined as the moisture content of
the oven-dried mass derived from clay which had been
reworked between the plastic and semisolid states.
With the data thus obtained the plastic index of the clay
was calculated, using the formula given by Jiménez de
Salas and de Justo Alpafes (1975):

IP=WL-WP ()
where
IP =plastic index of the clay, %

WL=liquid limit of the clay, %
WP= plastic limit of the clay, %.

Table 1. Evaluation of plasticity

Liquid limit (WL) 30.4%
Plastic limit (WP) 14.7%
Plastic index (IP) 15.7%
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Thus, the plastic index of the clay used in this work
was 15.7%. This clay is suitable for use in the manufac-
ture of bricks, as it is an inorganic clay of low plasticity
(type CL), with a significant sand content, which makes
for a low linear contraction, and it is a clay of interme-
diate resilience.

Design of the prototype

The solar system for clay-brick production has three ba-
sic components: the heliostat, the off-axis parabolic con-
centrator, and the firing chamber. A heliostat with nine
mirrors of 1 x 1 m each is used; that means a total area
of 9 m’. Tracking mechanisms are required in the he-
liostat for following the trajectory of the sun in the sky
with the necessary accuracy (Kalogirou, 2007). The he-

Heliostat

()

Master
mirror

liostat has a solar-tracking system where each mirror is
rotatable about two axes (rotation-elevation), to assure
that the solar radiation always arrives at the off-axis pa-
rabolic concentrator, which receives the rays of the sun
in a smaller area and in turn sends them on into the fi-
ring chamber. Figure 1 shows the scheme of the solar
furnace with the three basic components: the heliostat
mounted on a sun-tracking system, the parabolic surfa-

ce, and the firing chamber.

The movement of the heliostat occurs at two levels:
primary tracking by the entire heliostat and secondary
tracking by the slave mirrors (Chen et al., 2001).

Primary tracking of the heliostat is based on two
movements (figure 2c): rotation of the heliostat about
the T axis (rotation angle p) and rotation of the heliostat
about the U axis (elevation angle 0).

Figure 1. Scheme of the solar furnace (the
drawing is not to scale)

Figure 2. a) Scheme of the heliostat,

b) Photograph of the heliostat framework
(without mirrors), c) The various angles
which define the position of the master
mirror in the R, U, T coordinate system
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The correction movements of the slave mirrors
constitute the secondary tracking in the focusing he-
liostat, and they serve to minimize the first-order abe-
rration effects (Chen et al., 2006). The slave mirrors are
grouped into rows and columns; those belonging to the
same row are moved as a group by the same motor for
their horizontal rotation, as are the slave mirrors within
a given column for their vertical rotation (Chen et al.,
2001). Figure 3a shows a heliostat with three rows and
three columns; the master mirror is located in row 2
and the slave mirrors in rows 1 and 3. The slave mirrors
located in the rows rotate about the pivot point through

Column 2

(master)  Column 1

Column 3

Row 3

an angle o in order to assure that the solar rays arrive at
the same site (figure 3b); the slave mirrors placed in the
columns rotate through an angle y (figure 3c).

Optical concentrators for solar energy can be made
with flat mirrors, and in any case every type of concen-
trator can be approximated with flat surfaces of suffi-
ciently small area (Pancotti, 2007). Nonetheless, in the
present work we opted for fashioning the paraboloid-
type concentrator from uni-dimensionally curved strips
made of anodized aluminum, to obtain a Scheffler-type
reflector (Scheffler, 2006). The reflector eventually built
is shown in figure 4.

Figure 3. a) Back view of the heliostat, b) Angular movement of the slave mirrors in rows (lateral view), ) Angular movement of the

slave mirrors in columns (top view)

Curved
71 strips
\

Figure 4. Photograph of the off-axis parabolic concentrator
(Scheffler-type reflector)
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The design of the firing chamber, shown in figure 5,
is a box which has in its center a cavity of rectangular
prismatic shape, made from Hastelloy X plates of 0.013
m thickness. The solar rays enter the cavity through a
circular opening; the energy is absorbed by the Hastelloy
X walls (in part after multiple reflections), which then
transmit the heat by convection and radiation to the
bricks stacked around the prismatic cavity. In order to
reduce heat losses, the firing chamber is lined with an
innermost layer of ceramic refractory material of 0.05 m
thickness, an insulating blanket of ceramic fibers of 0.05
m thickness, and, outermost, a 22-gauge carbon-steel
sheet cover.

Figure 6 shows the assembled firing chamber before
the installation of the insulating blanket and the outer-
most steel sheet.

The high-temperature solar furnace is designed to
fire 10 clay bricks with dimensions of 0.07 x 0.14 x 0.28
m to temperatures between 950°C and 1050°C. For the
design of the prototype we considered the following
parameters:

— Material for the reflecting surface,

— Energy required to fire one brick,

— Solar radiation throughout a day in Querétaro City,
— Heliostat dimensions,

— Internal temperature for the firing chamber,

— Off-axis parabolic concentrator dimensions.

Carborsteel

sheet cover \

Insulating
blanket

Figure 5. Components of the firing chamber

Cerarmic
refractary
rnaterial

Rectangul ar-
prismatic
cavity

Material for the reflecting surface
For the reflecting surface four materials were considered:

— Anodized aluminum (Ultrabrite 0.020”), from Alu-
minum Coil Anodizing Corporation,

— Reflecting film (Decora 23002), from Betterware,

— Reflecting film (P-18ARL), from 3M,

— Back-silvered glass mirror (with a glass thickness of
0.006 m).

The specular reflectance was determined with a
spectrophotometer (Varian, Model Cary 5E) from the
ultraviolet to the infrared, as shown in figure 7, becau-
se, as a result of almost total absorption of solar energy
by ozone at wavelengths below 300 nm and by carbon
dioxide at wavelengths beyond 2500 nm, the radiation
on the earth’s surface is effectively limited to waveleng-
ths between 300 and 2500 nm (Goswami et al., 2000).

The materials with the best reflectance throughout
the wavelength range examined were the Ultrabrite
0.020” anodized aluminum and the Decora 23002 re-
flecting film. The back-silvered glass mirror has low
reflectance in the infrared, while the P18-ARL reflecting
film showed a relatively low reflectance value of 0.6
throughout the range. The anodized aluminum and the
Decora reflecting film have specular reflectance of
about 0.9 for the entire range from 300 nm to 2500 nm;

Figure 6. Photograph of the firing chamber
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500 1000 1500 2000 2500
Wavelength (nm)

Figure 7. Specular reflectance for different materials

we selected the anodized aluminum because of its bet-
ter durability in the environment.

Energy to fire one brick

To calculate the energy required to fire one brick we
used the following methodology (Mason, 1998). First
the drying energy is determined, considering that, as
determined by us, the mass of 10000 ‘green” bricks
would be 27290 kg before the drying process, and 25920
kg after the drying process, giving a difference, or total
moisture content, of 1370 kg, and that the value for the
specific drying energy is 2591 kJ/kg of moisture (Ma-
son, 1998):

Drying energy = (specific drying energy) (total moisture con-
tent)
= 3549670 k| 3)

Next, the total energy expended in the traditional firing
process is calculated, considering that the fuel used is
680 kg of burnt oil and the net calorific value of burnt
oil is 40000 KJ/kg:

Total energy = (mass of fuel) (net calorific value)
= 27200000 kJ 4)

The energy to fire one brick is calculated with the fo-
llowing equation:

total energy —drying energy
number of fired bricks

©)

Firing energy for one brick =

Therefore, the energy to fire a brick obtained from La
Solana is 2365 k] (657 Wh); however, this value will to

some extent depend on the kind of clay, the moisture
content of ‘green’ bricks, the type of fuel used, and the
design of the kiln. Differential scanning calorimetry ex-
periments carried out on various 0.5-g samples of raw
brick material gave results between 614 kJ/kg and 780
kJ/kg, for heating from room temperature to 700°C
(data not shown), these values are compatible with the
value of 985.4 kJ/kg calculated above, which refers to
heating up to 1000°C.

Solar radiation throughout a day in Querétaro City

The average daily direct normal radiation in Querétaro
City (20.58°N, 100.37°W) is 6680 Wh/m?/day (NASA.
Atmospheric Science Data Center, 2009).

Heliostat dimensions

To calculate the dimensions of the heliostat to fire 10
clay bricks to temperatures between 950°C and 1050°C
the following methodology is used. First the energy
flux reflected from the parabolic concentrator and inter-
cepted by the prismatic cavity during a solar day (8
hours) is calculated with the following equation:

Qint = Qm’t + Qloss (6)

The rate of net energy transfer to fire 10 bricks is calcu-
lated with the following equation:

O = (Number of bricks)(Firing energy for one brick)

et Number of hours during a solar day -

(10)(657 Wh)
8h

=82120 W
?)

The heat loss rate of the rectangular-prism cavity is cal-
culated with equation (8):

Qloss = Qluss,r + anss,c (8)

The radiative loss of thermal energy occurs mainly
through the orifice of the prismatic cavity; it is calcula-
ted with equation (9), considering that A, = 0.115 x
0.115m, 0=5.67x10°* W/m*K* ¢,,,=1, T, = 1273.16 K,
T,..,=298.16 K:

amb

Qlass,rz GsnrifAurif (T;/:;c - T4 b) =1964.28 W (9)

am

The rate of thermal energy loss by conduction and con-
vection is calculated with the following equation:
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Q _ Trpc _Tamb
loss,c ™

Rtotal (10)

where

R + chp + Rair + Rbrick + Rair +R +Rhl/1nkc.‘+

total — Ramv,rpr -int refractory

R (11)

+
sheet cover conv,fe-ext

1 L L L L

rpe ir,1 i ir,2
+ P air brick air.

ol =g kA kA k A kA

rpe—int” “rpc,int rpc” “rpe,ext air” ” fe,int brick™ ~ fe,int air” ~ fe,int

R

refractory

sheet cover 1
+

h

" blanket |
k

+
k

rcﬁactmyAfc,im blnnkﬁtAblank/.’f sheet cover” “sheet cover fe—ext” “sheet cover

(11a)

R,y is 14.24 K/W, considering that the values for ,,
and h,, used in this equation (5 W/m*K and 40 W/
m”*K) were estimated from the ranges given by Cengel
(2004a) for free convection of gases and forced gas con-
vection, respectively. The thermal conductivity values
are k,, = 27.4 W/m-K (High Temp Metals, 2009), k,;, =
0.026 W/m-K (Cengel, 2004c), k,,., = 0.64 W/m-K (deter-
mined experimentally by the authors), k., = 0.6

W/m-K (Cengel, 2004c), k1 = 0.4 W/m-K (Thermal Ce-

ramics, 2009), k.. ooy = 15 W/m-K (Cengel, 2004c). Area
valuesare A, ,,=0.045m’ A, ,,=0.057m’ A, ,,=0.449
m’, Ay = 0.696 m?, A, .. = 0.797 m’. Thickness va-
lues are L, = 0.015 m, L,,, = 0.01 m, L,,, = 0.093 m,
L,4=0.07m, L, 4, =01m, Ly, =0.1m, L, ., =0.001 m.

The arbitrariness inherent in the estimate of 1, ,,
and hy ., will not significantly affect the value finally
calculated for the total rate of heat loss because, as will
be seen below in equation (8), losses by convection are
very much lower than the radiative energy loss.

With this, the rate of heat loss calculated from equa-
tion (10) becomes Q,. = 68.45 W.

As can be seen by comparison with the rate of radia-
tive heat loss (1964.28 W), already calculated from
equation (9), by far the largest part of the heat loss oc-
curs by radiation.

The rate of thermal energy loss is calculated from
equation (8) of Q.. =2032.73 W.

Therefore, Q,, is obtained from equation (6) as
Q,,=2853.80W.

The equations given by Stine and Geyer (2001) are
used to calculate the heliostat dimensions. To this end,
the parabolic concentrator is considered divided into 21
strips, each one covering an angle of AW = 0.038 ra-
dians:

int

Q.. _ 2853.89 W
Number of strips 21

AQ,, = ~135.90 W (12)

The total radiant flux reflected from a given strip is cal-

culated with the equation given by Stine and Geyer
(2001), considering p.=0.9, o, = 0.9:

dg _ AQil!t _ AQint
dy  pa TAy  (0.9)(0.9)(0.038)

¢ rpe

(13)

To calculate T', we consider the following. To ensure
that 95 percent of all possible energy is captured, the
number of standard deviations must be n = 4. The stan-
dard deviation considers slope errors of the heliostat
surface, tracking errors, errors in the alignment of the
off-axis parabolic concentrator, the non-specular reflec-
tance of the heliostat and the off-axis parabolic concen-
trator, and the angular width of the sun.

The fraction of reflected flux which will be intercep-
ted by the prismatic cavity is calculated as follows
(Abramowitz et al., 1972; Stine et al., 2001):

I'=1-20(x) (14)

where

Q(x)= f ()bt +b,t? +byt* +b,t* +bit®) (15)

x=" 16
=5 (16)

fx)= ey (17)

1
t(x)— 1+rx (18)

with r=0.2316419; b, = 0.319381530; b, = —0.356563782; b,

=1.781477937; b,= —1.821255978; and b, = 1.330274429.
Substituting the preceding parameters into equa-

tions (14) to (18), and setting n at 4, we obtain I',= 0.95.
Therefore,

AP 135.90 W
dy (0.9)(0.9)(0.95)(0.038) PN

Finally, the heliostat area is calculated considering that
I, = 6680 Wh/m?/day = G, =835 W/m* (NASA. Atmosphe-
ric Science Data Center, 2009), p, = 0.9, and 0= 44.25°
(average incident angle in the worst case, June 21):
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G, =p,G, cosf, =538.34 ﬂz (19)
m

To obtain the heliostat area the following equation is
used:

@@
4597.71W
R 0)
n 53834
m

Thus, the heliostat area required to fire 10 bricks is 9 m”.

Internal temperature for the firing chamber

To consider whether the proposed arrangement could
deliver the requisite high temperature in the solar oven
under the local conditions, we measured the direct so-
lar radiation data normal irradiance with a pyrheliome-
ter (The Eppley Laboratory, Model NIP) on a sun
tracker (The Eppley Laboratory, Model ST-1) throug-
hout a summer solstice day (June 21, 2006), which from
geometric considerations would be the most unfavora-
ble date for our planned system, and then we calculated
the intercepted radiation flux Q.. corresponding to
these data. The results are summarized in table 2.

Table 2. Measured direct normal irradiance in Querétaro and
calculated energy intercepted by the rectangular-prism cavity for
June 21

Solar time G, (W/m?) Q. W)
6:00 532.20 1916.82
7:00 669.91 2412.82
8:00 852.77 3071.40
9:00 908.77 3273.10
10:00 959.32 3455.18
11:00 969.25 3490.93
12:00 972.69 3503.34
13:00 984.02 3544.14
14:00 971.37 3498.58
15:00 941.44 3390.76
16:00 876.13 3155.55
17:00 740.31 2666.37
18:00 527.05 1898.27

From the calculated Q,, data, the external temperature
of the firing chamber is computed with the following

=443 m% h

equation, considering that ¢, =0.9, A int

feext

=5 W/m’K, I, = 40 W/m’K, T, = 293.16 K, and T,,,, =
298.16 K:
T = Qir\t - o-gchfc,ext (Tfi,p - Ts4) T

£ 1 Lo 1)

hfcfafofc,ext + ( Rt ol J

where
Rmml = Rconv,fc—int + Rrefraclory + Rblunkcf + shert cover + Rcconznfc—ext (22)
R, 18 0.143 K/W, considering that R ,,,, .., = 0.045 K/W,
Rrefmcmry = 0.038 K/W’ Rblankel = 0.055 K/W’ Rsheet cover
0.000015 K/W, R =0.006 K/W.

conv,fc-ext

From this, we obtain the external temperature of the
firing chamber T, for each hour.

From the values for the external temperature thus
obtained, the internal temperature of the firing cham-
ber is calculated with equation (23), considering ¢, =
09,A,,=0013m?F, . =1,h,,,=5W/m’K, m,=2592
kg (10 bricks), and C, = 1067 J/kg-K:

rpe,fe 7 "Prpe-int

4 4
Q. _ O-(Trpc,p _ch) _Q'
int 1 _ grp,; . 1 . 1 _ gfc net (23)
A.E_ AoriFvcc Acgc
de _ orif ~rpe if ~ rpe, f fe + ch
hrpcfint orif
where
Qnet = mchcpAT (2'4)

The internal temperature of the firing chamber in the
transient state T(t) is determined with the following
equation (Cengel, 2004b):

T(t) — thmb — e—bt
T

i amb

(25)

where the exponent b is determined with equation (26),
considering, p,, =1922 kg/m’, V. =0.22 m’:

_ Urpejext” " feext

p,CV

ch=p" fo

(26)

(5W /m?-K*)(4.43 m*)
(1922 kg / m°)(1067 ] / kg~ K)(0.22 m*)

=4907x10°s™
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The reciprocal of b is the time constant:

%z 20378.535=5.66 h

Figure 8 shows the calculated values for the internal
temperature of the firing chamber in the transient state
throughout June 21.

Off-axis parabolic concentrator dimensions

Ray-tracing diagrams were drawn to determine the size
of the solar spot for the system heliostat + parabolic
concentrator, on the orifice of the prismatic cavity, and

1200 -

1000 B

600 /

(°C)

=]

=2

=
i

Transient temperature

Solar time (h)
Figure 8. Internal temperature for the firing chamber calculated

for June 21

Table 3. Solar-spot size for different focal lengths of the
parabolic concentrator

the dimensions of the parabolic concentrator aperture.
In these ray-tracing diagrams, the angular dimension of
the solar disk (10 milliradians in diameter) was taken
into account.

To design the parabolic concentrator, we worked
with different focal lengths (0.5, 0.75, 1, 1.25 and 2 m) to
find the smallest solar-spot size on the aperture of the
rectangular-prism cavity. The best result was obtained
for a focal length of 1 m. Table 3 shows the solar spot
size for different focal lengths of the parabolic concen-
trator. For the focal length of 1 m, figure 9 shows the
ray-tracing diagram for March 21, and table 4 shows
the solar-spot size on the aperture of the rectangular-
prism cavity for different days of the year, when the fi-
ring chamber is fixed or when it is moved to find the
smallest spot size.

The parabolic concentrator aperture is 1.58 m (figu-
re 9b), this dimension was determined selecting the day
with the smallest angle of incidence of beam radiation
on the heliostat (December 21), when the maximum
spot size produced by the heliostat is intercepted by the
parabolic concentrator.

Results and discussion

Pieces of “green’ clay brick obtained at La Solana were
fired in a laboratory furnace to 800 °C, 850 °C, 900 °C,
950 °C, 1000 °C, 1050 °C, and 1100°C; the properties of
the clay bricks baked in the muffle oven are shown in
table 5. As a result of these tests the appropriate firing

Table 4. Solar-spot size on the aperture of the rectangular-prism
cavity for different days of the year

Solar-spot size (m) for f=1m

Date
Solar-spot size (m) Chamber movable Chamber fixed

Date 22.mar 0.1271 0.1271
f=05m f=075m f=Im f=125m f=2m 21jun 0.1070 0.1248

22.mar 0.1833 0.1302 0.1271 0.1678 0.3208 21.sep 0.1270 0.1276
21jun 0.1842 0.0952 0.1070 0.1233 0.2052 21.oct 0.1373 0.1689
21.sep 0.1834 0.1302 0.1270 0.1679 0.3212 21.nov 0.2406 0.2472
21.dic 0.2984 0.2481 0.2206 0.2198 0.2375 21.dic 0.2253 0.2384

Table 5. Properties of the clay bricks baked in the muffle oven

800°C 850°C 900°C 950°C 1000°C 1050°C 1100°C
Color L=50.20 1=49.77 1=48.38 1[=44.38 L=43.68 1L=39.59 L=34.09
a=12.17 a=13.97 a=17.45 a=18.39 a=18.81 a=16.61 a=8.72

b=17.05 b=18.47 b=19.02 b=17.16 b=16.82 b=13.79 b=6.72

Weight difference (%)* -13.07 -12.96 -12.80 -13.38 -13.35 -13.14 -13.50
Compression strength (kg/cm?2) 36.498 50.830 58.087 73.248 84.189 123.115 124.156

Water absorption 0.30 0.28 0.30 0.30 0.29 0.23 0.13

* Weight difference of the fired brick relative to the ‘green” brick
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temperature was found to be between 950°C and
1050°C. Lower baking temperatures resulted in bricks
with an unacceptably low compression strength and
high water absorption.

Calculations were performed to determine the di-
mensions of the heliostat and the parabolic concentrator,
for a solar furnace with a capacity to fire 10 bricks simul-
taneously to temperatures between 950°C and 1050°C.

In these calculations, anodized aluminum was con-
sidered as the reflective material, for both the heliostat
and the parabolic concentrator, as this material has a
specular reflectance of around 0.9, for wavelengths bet-
ween 300 nm and 2500 nm.

The required heliostat area was calculated at 9 m?,
considering that the energy to fire a brick obtained from
La Solana is 657 Wh, and the average daily direct nor-
mal radiation in Querétaro City is 6680 Wh/m?/day. The
heliostat design includes nine mirrors, each with di-
mensions of 1 m x 1 m, arranged in three rows and three
columns. A rotation-elevation sun tracking system is

|

Firing
chamber

Figure 9. Ray-tracing diagrams for

March 21 at 12:00 hours (solar time for
Querétaro City), a) System: heliostat +
parabolic concentrator + firing chamber,
b) System: parabolic concentrator + firing
chamber

used because it produces fewer aberrations than an
azimuth-elevation system (Chen et al., 2004); therefore,
the heat flow is more uniform in time. Moreover, only
M + N = six motors are required with the rotation-eleva-
tion tracking system, two for primary tracking and four
for secondary tracking.

An off-axis parabolic concentrator with an aperture
of 1.58 m and a focal length of 1 m is used. This kind of
concentrator avoids any shading of the concentrator
surface by the firing chamber, as happens with the axial
concentrators. The system consisting of heliostat plus
parabolic concentrator produces a spot size of 0.13 to
0.24 m on the firing chamber.

A larger prototype can be designed to fire 110 clay bricks
per day. With daily use it would then be possible to ob-
tain 3300 bricks per month; the area of the heliostat was
calculated using equations (6) to (20), the result is 46.63
m?, thus, the heliostat area required to fire 110 bricks is 49
m’. The heliostat design includes 49 mirrors, each with
dimensions of 1 x 1 m, arranged in seven rows and seven
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columns; 28 motors are required with the rotation-eleva-
tion tracking system for the two heliostats, four for pri-
mary tracking and 24 for secondary tracking. An off-axis
parabolic concentrator with an aperture of 1.58 m and
focal length of 1 m is required, as are two firing cham-
bers, each with inner dimensions of 0.51 x 0.67 x 1.48 m
and outer dimensions of 0.81 x 0.97 x 1.58 m; while one
chamber is in the firing process, the other one is in the
cooling process. Equations (21) to (26) are used to obtain
the time constant (1/b = 28770.04 s = 7.99 h) and the time
to obtain 1000°C for 110 bricks (f =9 hours).

It should be emphasized that these considerations
of scale are based on calculations, using equations (6)
through (20), not on experimental data. The same holds
true of the earlier consideration of a furnace to bake 10
bricks at a time.

Nomenclature
A ratio of the volume of absorbed water to the
apparent volume of the test sample
Ay external area of the firing chamber
Ap;  internal area of the firing chamber
A, heliostat area
A area of the orifice of the rectangular-prism ca-
vity
wome  internal area of the rectangular-prism cavity
) specific heat of clay brick
4o total radiant flux reflected from a strip of the
¥ parabolic concentrator
F,..  radiation shape factor from the prismatic cavi-
ty to the firing chamber
f focal length
filx) defined function
G, direct normal irradiance
G, irradiance reflected by the heliostat
Pt external convective heat transfer coefficient of
the firing chamber
it internal convective heat transfer coefficient of
the firing chamber
.  internal convective heat transfer coefficient of
the prismatic cavity
I, beam irradiation
K, e thermal conductivity of the prismatic cavity
L, thickness of the prismatic cavity
mg, mass of the clay brick
Ms dry mass of the test sample

Msss  mass of the water-saturated and superficially
dried test sample

n number of standard deviations
Pa submerged weight
Q. rate of radiant flux reflected from the heliostat

Qi rate of energy reflected from the parabolic con-
centrator and intercepted by the prismatic ca-
vity

Qo rate of thermal energy loss

Qs  rate of thermal energy loss by conduction and
convection

Qussr  rate of thermal energy loss by radiation
difference between the rate of energy intercep-
ted and the rate of energy lost

Qx) area in one “tail’ of the normal curve

internal prismatic cavity thermal resistance by

net

conv,rpe-int
convection
e €Xternal firing chamber thermal resistance by
convection
R i internal firing chamber thermal resistance by
convection
R, prismatic cavity thermal resistance
R total thermal resistance
T ambient temperature
T, temperature of the prismatic cavity

T, temperature of the clay brick

T, external temperature of the firing chamber

T, proposed temperature of the firing chamber
for the iteration process

T, initial internal temperature of the firing cham-
ber in the transient state

T,., proposed temperature of the prismatic cavity
for the iteration process

T, sky temperature

T(t) temperature in function of time of the firing
chamber in the transient state

t time

t(x) defined parameter

Ve volume of the firing chamber

x error limit

Greek symbols

Qe absorptance of the prismatic cavity

r flux capture fraction

Y angular movement of columns

A energy reflected from a strip of the parabolic

Qi concentrator and intercepted by the prismatic
cavity

AT temperature change of the prismatic cavity

AW incremental parabola angle defining a strip

e prismatic cavity emittance

& firing-chamber emittance

Eorif emittance of the orifice of the prismatic cavity

0 elevation angle

6, angle of incidence

p rotation angle
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P, reflectance of the parabolic concentrator

Pu density of the clay brick

Py reflectance of the heliostat mirrors

! Stefan-Boltzmann constant (5.67 x 10°® W/m’K*);

angular movement of rows

Conclusions

With the characterization of material properties, new
and better construction materials are being developed
every day (Custodio et al., 2005). Nevertheless, fired
clay bricks will still be used on a very large scale in the
future. The use of solar furnaces for clay-brick firing
would avoid the air and soil pollution caused by the
present cottage-industry brick production methods,
which are based on the combustion of domestic or in-
dustrial wastes. The use of solar energy will entail a
cost reduction for the bricks because it will obviate the
need to purchase fuels for the firing process.

The sun-tracking system calculates the primary and
the secondary tracking of the heliostat, in dependence
of solar time.

The quality of bricks should improve due to the fact
that the heat inside the firing chamber is uniform, in
contrast to the situation which obtains with the traditio-
nal kilns.

Design and construction of the prototype was ca-
rried out for 10 bricks; however, a larger prototype can
be designed to fire 110 bricks per day. The solar furnace
can be used daily as long as there is a sufficient sunshi-
ne quality, which would provide for the firing of maxi-
mally 3300 bricks per month.
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