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Abstract

Design, construction, and testing of the thermal performance of a flat solar collector
for domestic water heating are described. The absorbing plate is built from readily
available materials: two sheets of galvanized steel, one of the channelled type, the
other one flat, which are joined by electric welding. The absorber is connected to a
198-L thermotank, insulated with polyurethane foam. In terms of receiving surface,
the prototype tested here has an area of 1.35 m?, about 20% smaller than comparable
copper-tube-based collectors offered in the market. Temperature measurements
conducted over a 30-day period gave values which were a few degrees lower than the
theoretically calculated water temperatures. Momentary thermal efficiency values
between 35% and 77% were observed. The water temperature achieved in the tank
at the end of the day averages 65°C in winter weather conditions in the central
Mexican highland. This design of solar water heater is well suited to Mexican condi-
tions, as it makes use of the high local intensity of the solar radiation, and as the
channel shape of the ducts minimizes bursting during the rare occurrences of
freezing temperatures in the region; it also has the advantage of being manu-
facturable at low cost from simple materials.

Keywords: Flat solar collectors; thermosyphonic flow; channelled plate; simula-
tion;instantaneousthermalefficiencies.
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Resumen

Se describe el disefio, construccion y pruebas del desempeiio térmico de un colector solar plano
para calentamiento de agua para uso doméstico. La placa absorbedora se construyd de mate-
riales fdcilmente asequibles: dos placas de acero galvanizado, una del tipo acanalado y la
otra plana, unidas mediante soldadura de arco eléctrico. La placa absorbedora estd conectada
a un termotanque con capacidad de 198 L, aislado con espuma de poliuretano. La superficie
receptora de este prototipo es de 1.35 m?, aproximadamente 20% mds pequeia comparado
con los colectores, basados en tubos de cobre, ofertados en el mercado. Mediciones de tempera-
tura por un periodo de 30 dias, arrojaron valores menores por algunos grados que las tempera-
turas de agua tedricamente calculadas. Se observaron valores momentdneos de eficiencia tér-
micaentre 35%y 77%. Latemperatura del agua lograda al final del dia promediaba en 65°C
en condiciones de invierno, en el altiplano central mexicano. Este diseiio de calentador solar
de agua estd bien adaptado a las condiciones mexicanas, por aprovechar la alta intensidad
local de la radiacién solar, y porque la forma acanalada de los ductos minimiza rupturas
durante las escasas ocurrencias de temperaturas de congelamiento en esta region; ademds es
facilmente manufacturable, a bajo costo, partiendo de materiales simples.

Desciptores: Colectores solares planos, flujo termosifonico, ldmina acanalada, simulacion,

eficiencias térmicas instantdneas .

Introduction

World interest in renewable energies is driven by three
main considerations. The first is our awareness that the
reserves of hydrocarbon and nuclear prime materials
are finite and that they are concentrated in only a few
regions of our planet. The second is our experience, in
many parts of the world, of irreversible local ecological
damage following the unbridled use of fossil resources.
The third, and possibly most important, consideration
is the potential for dramatic global climate change due
to the greenhouse effect of the carbon dioxide which is
emitted during combustion of hydrocarbon fuels.
These considerations have, in recent years, driven a
substantial and growing research effort to harness al-
ternative sources of energy, with a view to at least par-
tially replacing hydrocarbons and nuclear prime materi-
als as our energy base. In part, this research has been di-
rected at developing basic technologies of fundamental
importance and of general applicability on a
planet-wide scale; in part, the studies have been di-
rected at applying and optimizing basically established
technologies to the climatic, economic, and social pecu-
liarities of specific regions of our planet. The present is
a study of this latter kind.

Despite the undoubted benefits offered by solar en-
ergy, and the enormous potential it has for application
in tropical and subtropical countries, like Mexico, this
energy source is, as yet, hardly used in these regions.
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Not even as uncomplicated an application as solar do-
mestic-water-heating has made significant inroads in
this part of the world. The prime reason for this is
likely the relatively high initial acquisition cost of solar
water heaters, which in Mexico are 6 to 12 times as ex-
pensive as the customary water boilers operated with
liquid-propane gas.

The Mexican context makes a cogent argument for
the development and large-scale installation of small,
single-residence solar water heaters, based on the fol-
lowing considerations:

1) Due to the tropical and subtropical geographic lo-
cation of the country, solar angles are high
throughout the year. The lowest noontime solar
altitude is 34°, for winter solstice in the extreme
Northwest corner of the country.

2) By far the largest part of the population lives in the
central highland of the country, at altitudes of
1500 m and above, which makes for a particularly
high solar intensity.

3) Outside of the rainy season (June through Octo-
ber), the country generally enjoys cloudless skies,
which provides good solar conditions during the
colder part of the year, when hot bath water is re-
quired. During the moderately rainy summer, tem-
peratures are usually high enough to provide luke-
warm water directly from the cold-water tank lo-
cated on the roof top.
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4)Winds are usually very light, reducing convective
heat loss.

5) Air temperatures are moderate, reducing conduc-
tive energy losses.

6) Feed water temperatures are moderate, thus reduc-
ing the required energy input.

7) A large proportion of the Mexican population live
in areas where the chance to experience freezing
temperatures is remote, so that special adaptations
to prevent tube bursting can be dispensed with,
which permits a more economical design.

8) While Mexico at present still counts among the pe-
troleum-exporting countries, the outlook is for de-
pletion of the main oil-producing fields within a
decade and an ensuing period of rapidly increasing
net oil imports, in a setting of rising hydrocarbon
prices due to worldwide petroleum demand. This
argues for development of alternative energy sources.

9) Mexico belongs to the large countries of the world,
with over 100 million inhabitants, who constitute
a significant internal market.

10) A large proportion of the population belongs to
the middle class and lower middle class, with suffi-
cient economic means to make the modest invest-
ment required for a simple solar collector system.

11) Middle class and lower middle class mostly live in
small single-family houses, rather than apartment
complexes, and this trend is strengthening. These
residences generally have an underused small flat
roof top, which can, in addition to the cold-water
tank and a gas tank, accommodate a small flat so-
lar collector, along with its thermal tank.

Three decades ago, 30% of the Israeli population
was already using solar domestic-water systems with
thermosyphonic flow (Shitzer et al., 1979). For large
and important parts of Mexico, where cloudless winter
weather prevails, this technology is even more appro-
priate than for the Israeli case, where the Mediterra-
nean climate makes for cool and rainy winters.

The present report describes the design and con-
struction of a simple flat solar collector for producing
hot bath water for a one-family residence, tailored to
the special climatic, economic and social conditions of
Mexico, with an emphasis on simplicity, robustness,
and low production cost. The prototype was tested,
during the various seasons of the year, in real working
conditions in San Juan del Rio, a city with high average
levels of solar radiation throughout the year, located in
the state of Querétaro in the central part of Mexico.
We ascertained that the water temperature obtained

with this collector is sufficiently high for domestic use,
and we determined experimentally the thermal effi-
ciency of the collector under thermosyphonic operating
conditions and calculated the effect of different tilt an-
gles of the absorbing plate on the thermal efficiency of
the absorber.

Mathematical model

For an initial evaluation of the possible thermal charac-
teristics of a simple flat solar collector in the local con-
ditions we used the averaged solar radiation values re-
ported across the entire year by Almanza (2003) for the
city of Querétaro, close to San Juan del Rio and with a
similar climate. For February, the month in which most
of our experiments were performed, it gives a value of
494.5 W/m? for the total radiation, averaged over the
daylight hours. The map published by Almanza shows
similar values throughout the Mexican territory, so
that the results obtained in our present work should be
valid, as an approximation, for the entire country. We
used the set of equations given by Holman (2001),
which are based on a consideration of shape factors and
take account of various heat transfer processes such as
radiation, convection, and conduction:
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The various symbols used in these equations are de-
fined in the Nomenclature. Figure 1 shows the three
systems considered in the analysis: System 1 is the ab-
sorbing panel formed from the channeled galvanized
sheet and the flat galvanized sheet, System 2 is the
glass cover of the collector, and System 3 is the
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surrounding air. It is assumed that there is no heat loss
from inside the absorbing panel. For the temperature
value inside the absorbing panel one assumes that there
is no circulation of the water. For the water tempera-
ture, it is necessary to take into account the thermal
conductivity for water, /.

@
\/@ 5

| o 1 s O o 1 s O O s O — 0 m— m—  —

Figure 1. The three systems considered in the evaluation
of the channeled-sheet flat solar collector

The particular values for the various parameters
used in our evaluation were: 494.5 W/m? for the radia-
tion density, 20 W/m? °C for the thermal convectivity
constant for ambient air, 45; 14°C for the ambient air
temperature, T5 or T,; 0.90 for the emissivity of the
cover glass, &,; 384.6 W/m? for the emissive power of
the ambient air, E,;, calculated from the
Stefan-Boltzmann constant and T3; 0.030 W/m °C for
the thermal conductivity constant for the air in the
chamber, k, ,; 0.20 m for the distance from the absorb-
ing surface to the glass cover, Ax, ,; 60.9 W/m °C for the

Water exit toward
100m the thermotank

0.01m ‘

—li== J

1.60 m

JE [y
008 m
Watcr entrance to the

collecting plate

a)

thermal conductivity constant for the channeled sheet,
k,; 1.0 mm for the thickness of the channeled sheet, Ax;
10 W/m? °C for the thermal convectivity constant for
water, . Solving equations 1, 2, and 3 by the iterative
method given by Holman (2001) we obtain the temper-
ature values listed in table 1.

Table 1: Calculated temperature values
for the different systems

System Variable T (K) T (°C)
Glass Cover T, 312.0 38.8
Channeled T, 371.5 98.3

Sheet
Water 15 333.6 60.4

These theoretically obtained values were promising
in the sense that they predicted a water temperature
which was sufficiently high for the normal household
uses. Based on these results we decided to build the pro-
totype shown in figure 2.

Figure 2. Views of the prototype flat solar collector: a) Front view of the absorbing plate,
and b) side view of the complete system
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Description of the prototype

The absorbing surface is made of commercial 20-gauge
galvanized channeled steel sheet, which is joined to a
20-gauge flat galvanized steel sheet, both sheets being
finished in flat black color on their outer surfaces. The
sheets are joined at the side edges by electric welding.
The upper and lower edges of the absorber finish in
headers made of galvanized steel tubing 0.0381 m in di-
ameter, each with a 1-cm wide longitudinal slit into
which the absorbing panel is slid and then fixed by elec-
tric welding. These headers finish in external threads
by which they are joined to the 0.0127-m inner diame-
ter tubes, which feed cold water to the lower header
and from the upper header carry away hot water to the
thermotank. The whole collector system is configured
as a Z-type array, because of the inherent advantages of
this type over the U-type (Wang and Wu, 1990). To re-
sist the pressure which builds up inside the absorbing
panel, the two sheets are welded together at several in-
ternal positions, using a coated electrode. The inner di-
mensions of the channels are: 0.08 m wide, 0.010 m
high, and 1.50 m long; as the absorbing plate contains
ten such channels, the total inner volume of the panel
is 12 liters. The absorbing panel constructed in this
manner is placed inside a box built on a framework
made of ¥-inch rectangular tubular profile. Each of the
four lateral faces of the box is formed from two
22-gauge galvanized steel sheets, 0.018 m apart, with
the intervening space filled with Styrofoam panels. The
bottom face of the box is made of a single 22-gauge gal-
vanized steel sheet, which is covered on the inside with
an 0.050 m thick layer of Styrofoam insulation, on
which the absorbing plate rests directly. The coveris a
single sheet of window glass of 0.0040 m thickness,
supported and attached to the box by means of
0.010-m aluminum angle and sealed with a silicone
band, which helps to adjust for the thermal expansion
of the glass. Systems which are similar in some re-
spects have been described (Dunn and Tweed, 1981;
Clark, 1984), but their performance was not reported.
In the present work, this collector was used in a
fixed position, with a tilt angle of 20° from the horizon-
tal, facing due south. The thermotank consists of an in-
ner cylinder 0.60 m in diameter and 0.70 m long, made
of 18-gauge flat galvanized steel sheet, and an outer cyl-
inder 0.80 m in diameter and 0.90 m long, of 20-gauge
sheet. The space between inner and outer cylinder was
filled with injectable polyurethane. The thermotank
holds 198 liters; its outer surface is painted skyblue.
The thermotank was positioned so that the top header

of the collector was 25 cm below the cold leg fitting on
the storage tank, to prevent backflow during the night
hours (Rudnick et al., 1986).

Measurement methods

Direct solar radiation was measured immediately next
to the solar collector using a NIP pyrheliometer
mounted on a Solar Tracker ST-1, both from Eppley
Laboratories, U.S.A. Total global radiation incident on
an horizontal surface was measured piranometrically
using a Davis Vantage Pro2 Plus weather station. The
water temperature in the thermotank was generally
measured in the topmost water layer of the tank with a
bimetal thermometer with 0.305 m stem length, read-
ing in the range from -10°C to 110°C, and recorded on a
HandyLog® from ITP Software Ltd, USA. This unit has
a DB-525® data collector and an RS-232 port to link to
the computer, and it allows different measurement
programs to be set up. The information was processed
with the DB-Lab® software from ITP Software Ltd. The
water temperature in different locations inside the col-
lector was recorded with thermocouples measuring in
the 10°C to 110°C range. The water temperature dis-
tribution inside the thermotank was evaluated using a
thermocouple affixed to a sliding probe inserted throu-
gh a small opening in the top of the tank. Surface tem-
peratures were measured with an infrared Class Illa
thermometer, model 08406, from Cole Parmer, USA,
which had been calibrated, for the surface of interest,
by measurement compared to a thermocouple. Infra-
red thermal photography was performed using a
Thermacam PM695 from Flir systems, USA. Micros-
copy was performed with an Olympus PME111B/312B
instrument. Water flow was measured with a
Blue-White®fluxmeter, capable of measuring in the
range from 0.4 to 4 liters/minute, installed in a vertical
stretch between the hot-water exit from the collecting
panel and the entry to the thermotank. The tests were
conducted in the city of San Juan del Rio (in the state of
Querétaro, Mexico), located at 20°23'N, 99°59° W. The
local climate is of the semidry, temperate type.

Experimental results
General performance tests
During 30 consecutive days, from February 1 to March
3, 2006, the water temperature in the thermotank was

monitored continuously during daylight hours. Maxi-
mum water temperature during the day and water
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temperature at sunrise on the following morning were
also recorded. Figure 3 shows the temperatures on the
outer surface of the glass cover, the surrounding air
temperature, measured in the shade, and the tempera-
ture of the water as it enters and as it exits the collec-
tor, for the daylight hours of February 6, 2006. The av-
erage values for these temperatures are 38°C, 25°C,
34°C, and 47°C, respectively. The values were mea-
sured over 12 hours, in conditions of clear sky, low inci-
dence of clouds, and light breeze. The highest tempera-
ture of the water exiting the collector, 66°C, was mea-
sured at 2:40 PM.

During the hours of high insolation, the tempera-
ture differential between water entering and water ex-
iting the collector was generally between 13°C and
19°C, comparable to the values (10°C to 18°C) reported
by Shitzer et al. (1979) for thermosyphonic domestic
water heaters operating at the height of Israeli summer,
and distinctly better than the value of 11°C referred to
by Grossman et al. (1977) for a thermosyphonically

operated parallel-plate collector tested in South Africa.
Similar temperature profiles were observed on most
other days during the month of February 2006.

On that same day, February 6, surface temperatures
on the absorbing plate were measured, using the infra-
red thermometer. Along each channel, seven points,
numbered 1 through 7, were marked at equal intervals,
from the lower end of the plate to the upper end, and
the channels themselves were numbered as 1 to 10,
from the left (the side of water entry) to the right. For
each point, the temperature was measured at hourly in-
tervals. Temperatures averaged over the seven points
for each channel are shown, in dependence of time, in
figure 4.

This figure shows a maximum temperature of 66°C
for all ten channels at about 14:30 PM. All channels
show a similar temperature progression through time,
which indicates that the collecting plate contributes
across its entire width about equally to the heating of
the water.

LY = N |
[ =R =1

TEMPERATURE (°C)
L
S

Water entering the collector —¢—
Water exiting the collector -0
Outside surface of the glass cover —Zr—
Ambient air =C—

30
20
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Figure 3.

TEMPERATURE (°C)
d
=)

11:30 AMJ
12:30 PM 3

Temperatures measured for the collector during February 6, 2006.

Local solar noon occurred at 12:35 PM.

LOCAL TIME

Figure 4. Average surface temperature values for each channel,
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shown over time for February 6, 2006
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To indicate the typical outer surface temperature dis-
tribution along a given channel, figure 5 shows the
temperature values for seven points each, in the
leftmost and in the rightmost channel of the collecting
panel, as well as in the central channel, all at 14:30 PM
on February 6, 2006.

The points were selected equidistant along the
channel, and numbered from the bottom up. For each
channel the temperature difference between point 1
and point 7 is about 9 degrees. The highest tempera-
tures are found equally in channels 1, 6, and 10, at the
highest position on each channel. In general, the
warmer zones are found in the upper part of the chan-
nels, as expected. Each channel shows a monotonous,
though not exactly linear temperature profile.

This contrasts with the highly linear temperature
distributions reported, for different hours of the day by
Shitzerer al. (1979) for the central riser pipe of their col-
lector, though in their case the temperatures referred to
the water inside the pipe, while our present experiment
deals with the outside surface temperature of the me-
tallic channels.

The metal surface temperature of 66°C measured in
this experiment at the highest measurement points
along channels 1, 6 and 10 is just slightly higher than
the temperature of 62°C measured for the exiting water
at the same point in time (Figure 3 for a time of 14:30
PM), which evidences the good thermal contact be-
tween metallic channel and the flowing water which is
achieved with the present simple design. In contrast,
with plate-and-tube-arrays, Shitzer er al. (1979) have
observed differences of 20°C and more between the sur-
face temperature at the centerline of the plate between

Channel 1 —Z—
%71  Channel6 —o—
Channel 10 —T—

2

TEMPERATURE (°C)
2 3

MEASUREMENT POINT

Figure 5. Surface temperature distribution over the seven
points of measurement along channels
1, 6, and 10, taken at 14:30 PM .

adjacent tubes and the water temperature inside the
tubes, which they ascribed to poor thermal bonds be-
tween plate and tube.

For a more general test of the surface temperature
distribution on the collecting plate, infrared photogra-
phy was used. Figure 6 shows an even temperature gra-
dient as one moves upward on the collector, with a
maximal surface temperature of 64.0°C on the center
part of the upper header. The even temperature distri-
bution from left to right across the collector is also
noteworthy.

Figure 7 summarizes, for February 2006, the temper-
atures of the uppermost water layer inside the
thermotank, taken daily at 7:00 AM and 19:00 PM, as
well as the decrease in temperature which occurred
nightly between 19:00 PM and 7:00 AM on the follow-
ing morning. Each day at 20:00 PM, 60 liters of water
were taken from the tank.

On February 19, at 20:00 PM, 150 liters of water at
70°C were removed, whereupon on February 20 at 7:00
AM the water temperature in the thermotank was
35°C. On that day, the maximal temperature reached
in the thermotank was 55°C, i.c. the water temperature
increased by 20°C in less than one day.

Water temperature distributions obtained inside the
thermotank under thermosyphonic flow conditions
were determined by direct measurement. The tempera-
ture profiles shown in figure 8 attest to a continuous
increase in tank water temperature throughout the
hours of insolation. The layering of temperatures in the
tank, a precondition for efficient use of the hot water,
is also evident.

Figure 6. Surface temperatures by infrared photograph. For
the spots marked on the image, the temperatures given by
the system were as follows: SP01: 64.0°C, SP02: 61.5°C,
SP03: 59.5°C, SP04: 57.1°C, SP05: 55.2°C, SP06: 53.2°C
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Figure 7. Evening and morning water temperatures in the thermotank, for February 2006
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Figure 8. Temperature profiles observed inside the thermotank at different times,
under thermosyphonic operation, without hot-water usage

The measurement points were spread 5 cm apart
along the vertical center line of the tank. Point 1is4 cm
off the inner bottom surface. Point 9 is the highest
point still in contact with the water.

Flow measurement

Figure 9 shows the water flow through the absorbing
plate and the thermotank, throughout the afternoon
hours of May 10, 2006, a day of changing weather con-
ditions. The flow becomes significant as soon as the
temperature of the water exiting the collector is around
52°C. The figure shows for this test a maximum flow
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of 78 liters/hour, which was maintained for 1 hour, fol-
lowed by another hour of slightly lesser flow. In these
2 hours, a water volume equivalent to about two-thirds
of the tank flows through the collecting panel. At these
high flow rates, Reynolds numbers around 2300 can be
calculated for the flow through the 0.0127-m diameter
exit tube (at 60°C), so that the overall flow perfor-
mance will under these conditions be limited by turbu-
lent flow in this section. Obviously, in the body of the
collector with its ample cross section, linear flow is
much slower, with much lower Reynolds numbers (be-
low 30, at 60°C) and laminar flow conditions will pre-
vail. The flow rates observed by us (up to 48 L/m? h) are
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high for a system operating on the thermosyphonic
principle, compared to the values (up to 20 L/m? h) re-
ported by Shitzer et al. (1979) and by Rudnick et al.
(1986) for thermosyphonic domestic hot-water sys-
tems in Israel. This is not surprising, as these latter sys-
tems in general used an array of relatively narrow risers
in the collector, instead of the wide channels which
characterize the present prototype. It is doubtful
whether even higher flow rates would be desirable, as
they might significantly perturb the thermal gradient
established in the thermotank (Shitzer et al., 1979),
which would negatively affect the thermal efficiency of
the system.

Thermal efficiency

To gain insight into the approximate thermal efficiency
of our solar collector under typical operating condi-
tions, we calculated instantaneous efficiencies accord-
ing to the formalism given by Tiwari (2002a), whose
equation 3.43b reads:

) ‘U, -T T -T
N, = Q, _dw _ (T, -T.) =t 0, U~
Al, 1 I

Here, 1(t) is the instantaneous irradiance on the col-
lector plate, and T, and T, are the collector surface tem-
perature and ambient air temperature, respectively.
The simple equation given above was considered

oo
(=3

sufficient for our purpose of obtaining rough estimates
for the thermal efficiency that could be expected. Thus,
we did not use more complicated equations that con-
tain higher-power terms of the (T, - T,) difference (e.g.
Fischer er al., 2004), as the prevailing conditions in cen-
tral Mexico entail very low wind speeds. Also, we dis-
regarded the possible incidence-angle dependence of the
zero-loss efficiency, as we were interested mainly in the
thermal efficiency during the hours around noon, when
the direction of incident radiation is reasonably close to
normal relative to the receiving surface, and it is known
that the loss of solar absorptance of flat black surfaces
is minimal for incidence angles of up to 50° relative to
the normal (Duffie and Beckman, 1991).

The overall heat loss coefficient which appears in
the above equation, U, was evaluated according to the
procedure given in Tiwari (2002b), taking into account
the dimensions and the materials used in the construc-
tion of our prototype, for the following typical condi-
tions: T,— T, = 30°C; glass cover temperature = 45°C;
wind speed = 2 m/sec; time of day, 13:40 local time (so-
lar noon): latitude = 20°N (San Juan del Rio); date: No-
vember 4; orientation of collector plate: due South. The
transmittance-absorptance product t,0, was taken as
0.84, according to Tiwari (2002c). Using these parame-
ters, instantaneous efficiencies m; were calculated for
different tilt angles running from 5° to 60° and for dif-
ferent radiation intensities running from 500 W/m?
through 1000 W/m?. For simplicity, these latter values
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Figure 9. Water temperature inside the thermotank and water flow for May 10, 2006.
Local solar noon occurred at 13:35 PM
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Table 2. Instantaneous efficiency values for the collector, calculated for different tilt angles and radiation intensities

Til 500 600 700 800 900 1000

angle W/m? W/m? W/m? W/m? W/m? W/m?
n, (%) n, (%) n, (%) n, (%) n, (%) n, (%)

5° 34.4 42.6 48.5 52.9 56.3 59.0
10° 34.5 42.6 48.5 52.9 56.3 59.0
15° 34.5 42.7 48.5 52.9 56.3 59.0
20° 34.55 427 48.5 52.9 56.3 59.1
25° 34.6 427 48.6 53.0 56.4 59.1
30° 34.6 42.8 48.6 53.0 56.4 59.1
35° 347 428 48.7 52.0 56.4 59.2
40° 34.8 43.0 487 53.1 56.5 59.2
45° 349 43.0 48.8 53.2 56.5 59.2
50° 35.0 43.1 48.9 53.2 56.6 59.3
55° 35.1 43.2 49.0 53.3 56.7 59.4
60° 35.3 433 49.1 53.4 56.8 59.4

were treated exclusively as direct radiation. The results
are summarized in table 2.

Then, values calculated here for intermediate irradia-
tion values (600 to 800 Watts/m?) are comparable to the
thermal efficiency values (37% to 52%) experimentally
determined by Shitzer et al. (1979) for solar domestic
water heaters of the plate-and-tube-array type during
the hours of highest insolation in Israeli mid-summer.
The table shows that the tilt of the collecting plate has
no large effect on the useful heat transferred to the
fluid, as the overall variation in 1; over a 55°C change in
tilt angle is only a few percent.

These theoretical results were compared to values
determined experimentally at different times during a
given day, November 4, 2007. To this end, the direct so-
lar radiation was measured continually by
pyrheliometer, while the global radiation incident on
an horizontal surface was piranometrically monitored
in the same location. The direct radiation incident on
the collector surface was calculated through time from
the pyrheliometrically measured values, considering
the hour angle (o), tilt angle () and orientation (y) of
the collector plate, and earth declination for the day of
the year (3), according to Tiwari (2002c). The direct

radiation was similarly recalculated to give the direct
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component of the radiation incident on an horizontal
surface through time. The diffuse contribution of radia-
tion onto the horizontal surface was then computed by
difference. Finally, the diffuse radiation incident on the
collector plate was calculated from the diffuse radiation
incident on an horizontal surface, using the equation
given by Tabor (1978):
1+cos®

f=—
where f is the fraction of hemispherical sky seen by the
collector at tilt angle 6. Here we disregard any possible
foreground albedo. Figure 10 shows, for the main sun-
shine period of this day, the value of the direct and the
diffuse radiation incident on the collector plate, as well
as the sum of the two.

The thermal efficiency at the different times was
then calculated according to the following equation:

— mC}? (TL’X/I _Tﬂﬂﬂlﬂ(ﬁ )
AL()

n;

7

where the mass flow of the water, , was determined by
flowmeter during the time under consideration, and
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I(t) is the global irradiance on the collector plate during
this period, calculated as described above. The thermal
efficiencies determined in this manner are plotted in
figure 11. The average thermal efficiency for the time
between 10 AM and 4 PM is 59%.

Water analysis
To test whether the contact of the hot water with the gal-
vanized surface may have resulted in reduced water qual-

ity, a sample of the tank content was evaluated in an in-
dustrial test laboratory according to the appropriate

900

Mexican standard tests. The results are shown in table 3.
As seen from this table, the quality of the hot water was
good.

Test of the inside tank surface

After 1.5 years of daily use of the system, a small circle
was cut out of the upper part of the tank, and the inside
surface examined visually and by microscopy. Simple
inspection showed the presence of a thin whitish layer,
a fraction of a millimeter thick, locally formed as small
spheres.
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Figure 10. Direct, diffuse and global radiation on the collecting plate measured for November 4, 2007
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11. Instantaneous thermal efficiencies determined on November 4, 2007
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Table 3. Results of water testing

Parameter Result Permissible limit Mexican norm
Color <5 Pt-Co units 20 Pt-Co units NMX-AA-045-SCFI-2001
Odor Acceptable Acceptable NOM-201-SSA1-2002
Taste Acceptable Acceptable NOM-201-SSA1-2002

Turbidity <5 units 5 units NMX-AA-038-SCFI-2001

Alcalinity 121.5 mg/L None stated NMX-AA-036-SCFI-2001

Total hardness 51.7mg/L 500 mg/L NMX-AA-072-SCFI-2001

Total coliforms

Fecal coliforms

<2 NMP/100mL
<2 NMP/100mL

None detected

None detected

NOM-112-SSA1-1994
NOM-112-SSA1-1994

Figure 12. Microscopic image of the deposit on the inside surface of the thermotank. The scale represents one millimeter

These are clearly visible in the microscope image
shown in figure 12. This result indicates that formation
of deposits in the thermotank proceeds at a very slow
rate.

Discussion and analysis

The performance of the flat solar collector proposed in
the present work was evaluated experimentally, and it
was found that for the month of February 2006, under
usually cloudless skies, the maximum water tempera-
tures in the tank achieved daily averaged 64.4°C. The
temperatures measured daily at 7:00 AM averaged
59.2°C, implying an average reduction in tank water
temperature of 5.2°C between afternoon and next sun-
rise. The theoretically calculated water temperature
was 4.0°C lower than the average experimental tem-
perature. The temperature calculated for the glass cover
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is 1°C higher than the average temperature determined
experimentally. The calculated surface temperature of
the channeled sheet was 32.6°C higher than the experi-
mentally determined average during thermosyphonic
operation, which is not surprising as the calculations
did not take into account the cooling effect of the wa-
ter which flows through the absorbing plate.

High thermal efficiencies are achieved, even with
the passive mode of water movement, a result of the
high radiation intensity and warm air conditions in
Mexico, in conjunction with the unimpeded water
flow through the wide channels. This is in contrast to
the results of Lee and Sharma (2007), who in the more
adverse climate conditions of Korea and with flat solar
collectors using narrow risers found distinctly lower
thermal efficiencies with the active and especially with
the passive flow system.
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The high flow rates achieved in thermosyphonic op-
eration with our prototype are due not only to the fac-
ile linear flow in the vertical channels, but even more
importantly due to the avoidance of tight tee junctions,
significantly reducing junction pressure loss (Kikas,
1995).

As discussed by Grossman et al. (1977) in their con-
sideration of a parallel-plate absorber (a configuration
approximated in our design), the separation between
the plates affects the overall efficiency in opposite
ways: the smaller this separation, the better the collec-
tion efficiency, but too small a separation between the
plates could lead to lower throughput rates and also,
eventually, to clogging by scale formation. Here we
show that with the dimensions dictated by our choice
of construction materials, i.e. channels of 1 cm depth,
high flow rates are achieved in thermosyphonic opera-
tion, while simultaneously maintaining high thermal
transfer, with single-pass temperature increases of 13°C
to 18°C at high insolation.

In this work less emphasis was placed on maximiz-
ing thermal efficiency than on robustness of design and
low-cost manufacturability. Nonetheless, the prevalent
local climatic conditions make for low thermal losses,
which results in an acceptable thermal efficiency; this
in conjunction with the high irradiance levels, provides
for a high thermal output. This, in turn, allowed reduc-
ing the dimensions of the prototype, compared to other
single-family models, which redounds in a reduction in
the cost of materials and an easier installation on the
sometimes crowded rooftops of small residential units.

Conclusions

We have presented a mathematical model to calculate
the temperatures at the solar collector, and these are
correlated to easily measured parameters. The analysis
was performed in steady state, and the results provided
by the mathematical model are similar to those ob-
tained experimentally. The mathematical approach
presented here allows evaluation of different types of
flat solar collectors. The design achieves a reduction in
capture area of 20% with respect to the standard collec-
tor with its area of almost two square meters; this rep-
resents a significant reduction in the size of the collec-
tor. The collector presented here allows heating the
same amount of water which is heated with the stan-
dard two-square-meter collectors in the market.

The geometry of the collector offers a high contact
area between the fluid and the collecting surface ex-
posed to the sun. The simple design of the system

makes for robustness in its performance, as thermal
transfer between the heated metal surface of the chan-
nels and the water flowing within is straightforward.

Another important factor is the cost reduction
made possible by the simplicity of the design, which
makes acquisition of this water-heating device for
home use more realistic. The materials used in the con-
struction of this collector are easily obtained and dura-
ble. An estimate of the cost of production of this
hot-water system, already installed, is 3,500 Mexican
pesos, including the thermotank and all external tubing
connections. The low cost is due to the simplicity of
the design, which reduces the welding effort compared
to systems with tubular risers, the relatively low labor
cost in Mexico, and the low price of galvanized chan-
neled sheet, which is produced on a large scale. A rea-
sonable selling price would be 7,000 pesos for the entire
unit. By our own year-round experience with a four-
member family, installing this system allows a reduc-
tion of 460 liters/year in the use of liquid-propane gas
for hot bath water, i.e. a cost reduction of about 3,000
pesos/year at current prices. With this, the family bud-
get outlay involved in the purchase of such a system
would be amortized in under 2.4 years. Thus, payback
times are much shorter than for technically more so-
phisticated systems in colder climes, even when these
latter ones enjoy major government subsidies
(Pedersen, 1993). The financial benefit will accrue over
many years, as simple solar collectors remain service-
able for 15 years or more, performing at acceptable lev-
els of thermal efficiency (Rudnick, 1986). Likely future
price increases for gas will make this option even more
attractive. In terms of environmental benefit one can
calculate that during this lifetime of 15 years, the use of
a water heater of this type would redound in a reduc-
tion of carbon dioxide emissions of over 10 tons
(RET Screen International, 2005).

While we have optimized our model for the specific
situation of central Mexico, it is likely that it could also
be used to advantage in other tropical and subtropical
regions of the world, where conditions of high insola-
tion obtain and where considerations of price may be
decisive for the acquisition of a solar collector.

Nomenclature

A Upper surface area of the collector plate
E, Emissive power of the channeled sheet
E,, Emissive power of the glass cover

E,. Emissive power of the ambient air

C, Heat capacity of water
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h Thermal convectivity constant for water
h,  Thermal convectivity constant for the
ambient air

I(1) Intensity of incident radiation at time t

k,  Thermal conductivity constant of the
channeled sheet

,» Thermal conductivity constant for the air
contained in the chamber

m  Mass flow rate

4. Flux density for the solar energy absorbed
by the collector surface

q
4| Radiative energy flow per unit area
Rad
9
Al Energy flow per unit area for the global
system
S

Q, Useful energy output per unit time for the
collector

T, =T, Ambient air temperature

T, ,.onee Water temperature at entrance to collector

T, Water temperature at exit from collector

exit

T, =T, Mean absorber plate outside surface

temperature

T, Outer surface temperature of the glass
cover

T, =T,Mean absorber plate outside surface
temperature

T, =T,Ambient air temperature

T, Water temperature

U, Overall heat loss coefficient

o, Plate absorptivity

B Tilt angle

y  Surface orientation of the collector plate

8  Declination

Ax  Thickness of the channeled sheet

Ax, , Distance from the absorbing sheet to the
" glass cover

g, Emissivity of the cover glass

n, Instantaneous efficiency

©® Tilt angle

1, Iransmissivity of the glass cover

o Hour angle
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regional at-site estimates of low-flow by using the sta-
tion-year method (Cunnane, 1988). For this purpose,
there are two gauging stations upstream of the station
La Parota, called El Puente and Agua Salada, whose 7Q
flows were used to obtain a regional at-site quantile of
the ,Q,, flows. The best fit was achieved through the
use of the EVIMIX distribution, and the low flow ,Qy,
= 11.85 m%/s would be the minimum value of the dis-
charge to maintain the conditions of water quality
downstream of the dam.

Conclusions

In both applications the proposed mixed distributions
behave very well. In the first case results shown that
there exists a reduction in the standard error of fit
when estimating the quantiles with mixed distribu-
tions (EVIMIX, 30% of cases and the TCEVMIN; 13%)
in comparison with the GEV (49%), W3 (8%) and
EV1(0%) distributions. In the second one, the best
hydrological design event was obtained by using the
EVIMIX distribution along with a regional technique
(;Qyp = 11.85 m¥/s). It is very important to mention
that it was not the intention of this paper to propose
the final ecological flow for the hydroelectric project,
but only to show the hydrological application of mixed
distribution in studies of water quality.

Results indicate that mixed distributions can be
considered as an additional tool when performing
low-flow frequency analysis.
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