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ABSTRACT

The Center for Energy and Environment Research (CEER} of the
University of Puerto Rico plans to install a 39 m2 (415 ft2) re-
search salt-gradient solar pond. The design, construction and
instrumentation of this pond is presented. Drawings illustrate
the pond's design and instrumentation methodology. This pond
will operate in conjunction with a much shallower evaporative
pord of the same diameter. The research pond installation will
be used to study automatic and semiautomatic pond operation with
the maintenance of the salinity gradient being a main concern,
The basic materials of the pond construction and the sensors and
equipment used in the instrumentation system are listed in tab-
ular form. The measurements of principal pond parameters such as
brine temperature, ground temperature and moisture, brine flow
through the heat exchanger, brine transmissivity and sclar radi-
ation are described. The scanning system, the data acquisition
system, and the pond operation and maintenance are also discussed.

1. INTRODUCTION

Salt-gradient solar ponds are large pools of water open to
the environment. They are filled with salty water in such a way
so that the liquid top layer (upper convective zone) has a salt
content of 1-4 percent while the bottom layer (lower convective
zone) has a salt content as high as 23-27 percent (see Fig. 1).
When exposed to solar radiation, the denser bottom laver hecats up
to a much higher temperature than the surface layer. The heat
accumulated in the lower convective zone is "trapped" by the low
salinity nonconvective zone that separates the high density brine
at the pond bottom from the upper convective zone. Because heat
is stored at the pond bottom, the separate thermal storage nor-
mally reguired in sclar installations 1s not needed.

Since the discovery of natural solar ponds [1], interest in
the practical use of pond phenomena has led to the construction
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Fig. 1. Cross-Sectional View of Salt-Gradient Pond.

of salt-gradient solar ponds throughout the world. These activi-
ties stimulated work on understanding the physical and engineer-
ing problems related to solar pond use [2]. 1In recent years sev-
eral laboratory size salt-gradient ponds have been built [3-6].

In our work the design and construction parameters for a
39 m2 (415 ft2) research pond were established with the view of
building and operating a 0.5 acre (21,780 ft2) pond to generate
industrial process heat in Puerto Rico in the future. The pond
instrumentation package and data acquisition system were designed
to enable the investigation of automatic or semiautomatic pond
operation in maintaining the salinity gradient to improve upon
the presently used methods that call for manual pond operation
and gradient control. Although a computer program for a HP-97
programmable calculator to determine a pond's density gradient is
available, this manual pond control method is time consuming and
demands the operator's constant attention [7]. The design pro-
blems of the data acquisition and instrumentation package are
technically similar to those encountered in solar heating and
cooling [8]

2. DESIGN

A number of theoretical models to predict a salt-gradient
solar pond's thermal performance have been developed and studied,
A general analytical formulation of the pond's thermal behavior
that shows it to be equivalent to that of a flat-plate collector
[9,10], the development of a new steady-state analytical method
for pond analysis [11,12], and the use of theoretical predictions
for pond sizing in heating applications [12-15] are some of the
approaches that have been taken. A simple method to calculate
pond parameters has also been introducted [16], and a number of




solar pond computer models to predict solar pond thermal behavior
in different situations have also been propcsed [16-25],

The thermal efficiency of salt-gradient solar ponds strongly
depends on both brine transmissivity and heat loss to the ground.
The solar pond has to be designed then in such a way as to mini-
mize the heat losses from the pond and the wetting of the soil
around and underneath the pond. Wetting is basically caused by
ground water movement, rainwater, or brine leakage. KXeeping
these factors in mind, the preliminary design of the pond was
performed by using the simplified method of M. Edesses et al.[16].
These calculations were later followed up by a more elaborate
computer analysis that employed the model developed by J. B.
Davila Acarén [20]. 1In addition to the refined steady-state anal-
ysis of A. Rable and C. F. Nielson [13] his model also takes into
account the edge heat losses, bottom heat losses and the effect
of surface mixing on the pond's thermal performance.

Figure 2 shows a conceptual drawing of CEER's research salt-
gradient pond. The drawing indicates the three distinctive
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Fig. 2. Conceptual Design of Research Pond.




zones formed in the pond: the upper convective zone, the non-
convective zone and the lower convective zone. The upper convec-
tive zone caused by wind stirring and surface heating and cooling
is kept as thin as possible, 0.1-0.4 m {(0.3-1.3 ft) in research
ponds. The lower convective zone's thickness depends on the use
of the pond. It is typically 0.5-0.8 m (1.6-2.6 ft) thick, with
thicker zones occurring in ponds used for large heat storage.

The non-convective zone's thickness depends on a nutber of para-
meters and is usually 0.2-1.0 m (0.6-3.3 ft) in research ponds.

3. CONSTRUCTION

The 7 m (23 ft) diameter pond structure will be constructed
by using two 1.2 (4 ft) high, commercially available pool
frames one on top of the other (see Fig. 3). The high sun angle
in Puerto Rico can cause overheating of sloping sidewalls that
significantly increases heat loss via thermal convection along
the walls and promotes upward salt transport by convective mix-
ing. This problem was severe in a production pond built in Alice
Springs in Northern Australia [26]. Thus, the CEER research pond
walls and their supports, made of galvanized steel coated with a
rust-resistant acrylic enamel finish, will be vertical. The pool
comes with its own l4-gauge vinyl liner with electronically welded
seams.

Soil from the excavation piled around the entire pool will
form a berm about 0.9-1.2 m (3-4 ft) high. Since the brine depth
is about 1.8 m (6 ft), this leaves 30 cm (1 ££) at the top of
the structure for overflow or the adjustment of zone thickness,
and 30 cm (1 ft) at the bottom for sand and thermal insulation.

A layer of sand a few centimeters thick will smooth the bottom
ground irregularities and protect the liner from sharp stones in
the ground.
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Table I lists some

Table I. Description of Selected Materials.
Material Model /Type Puantity Company
Round Water Pool 7.2 mx 1,2 m 3 Sears Roebuck 4
Co.,Chicago, 11}
s r o ) Engineering Tex-
; il :
Liner igf5§§r RILE 2 tile Products
Mobile, Alabama
Ve Engineering Tex-
Liner 80 FEl o 1 tile Products
o Mobile, Alabama
McCarthy Manu-
Urethane Insula- lmx 1.2 m facturing Co.
tion Board 5 cm. thick 80 Carolina, P.R.
o Refricentro Air
Styrocfoam Board l.2mx 2.4 m Cond.,
10 cm thick 30 Mayaguez, P.R.
T type, 24 gauge Omega Fngineer-
Thermocouple with Polyvinyl 300 m ing, Toc,
Wire Insulation

Stamferd, Conn.




4. INSTRUMENTATION

The most important physical parameters of a salt- ~gradient
solar pond are the temperature ang salinity gradients An accu-
rate and efficient system must be designed to monitor these two
parameters. Since the CEER pond will be uscd for research, an
elaborate instrumentation system was designed. The system will
measure temperature and salinity gradients in the pond, solar
radiation at the surface and at any depth, the heat losses to the
ground, and the amount of heat energy extracted; it will also de—
tect the presence of leaks in the pond liners.

The measurenent of so
various depths of the pond
energy absorbed and provides
This measurement with those
bottom, of energy removed by
and sallnlty gradients will
ficiency to be calculated,.

iitation et the surface and at
the calculat on of the solar

+f the brine clarity.
through the sides and
", and of temperature
alance and pond ef-

A weather station near the »ond will measure ambient temper-
ature, humidity, insolaticn and wind velccity. This data will be
used to calculate the hceat losses from the surface of the pond.

4.1. Measuremenis

The sensors being used in the measurement of the pond para-
meters are listed in Table II.

Temperature measurement. Piatinum resistance thermometers,
e.g. 100 0hm RTDs, were seiecied for wbaqurJng the brine tempera-
ture. The system instrumentation design calls for nine RTDhs with
temperature gradient measuremnent capability CVLI] 7.5 cm (3 in).
They will monitor the non-convective zone temperature distribution
by scanning hourly. ETD probes will also morditor the operation of
the diffuser. T type cepper-constanten thermocouples in Teflon
Jackets will be installed in the heat exchanger piping to monitor
the brine inflow and ocutflow temperatures during heat extraction
from the pond. A pump (preferably brass or plastic) rated at
20 liters/min at zero head end dariven by & 1/2 h.p. electric motor
will circulate the brine in the heat exchanger. A shell and tube
heat exchanger with cast ircn shell and copper-nickel alloy tubes
will be used. T type copper-constantan thermocouples will also
be used to measure the ground tewmperature around the pond. The
design calls for measurement at intervals of 1.3 m (4.5 ft} hori-
zontally and from €¢.3 to 0.9 m (1 tc 3 ft) wertically under the
pond bottom. Altogether thLILY*SQ'en strateglcally located ther-
mocouples will be used (see Fig. 4). The underground thermo-
couples will be scanned daily and the signais will be converted
to temperature readings by a data logger. ©Figure 5 shows the
technigque of installing the underground thermocouples.

A leak detection system was desigrned and integrated into the
pond installation., This system consicts of a series of T type
copper-constantan thermocouples with Teflon jackets located be-
tween the liners., The sand betweoen the laners is sloped so that
the leaking brine will accumulate in the center where a SUMpP pump
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# THESE YHERWOCOUPLES ARE
VEED W CENTER DanLy

Fig. 4. Location of underground Thermscouples.

can evacuate it. Although electric conductivity probes could be
used in a leak detection system, they reguire an A.cC. bridge cir-
cuit to measure conductivity and such a circuit is not compatible
with our data acquisition system. For the same reason, an elec-

tric resistance grid could not be used for leak detection in our
case.

Flow measurement. 2 commercially avaiiahle flowmeter or the
flowmeter described by 8. M. Gleman et al. [27] will measure the
brine flow through the heat e@xchanger and through the diffuser,

To prevent clogging and flowmeter malfunctioning a leaf trap (sim-
ilar to the one used in swimming pools) and a sand filter will be

used in the heat exchanger loop. PVC piping will be used with

the heat exchanger and the diffuser. The flow in the heat exchan-
ger loop will be measured and Frocessed hourly by the data logger.
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During the cperation of +he diffuser, the flowneter signals from
the diffuser line will bea reag rannal]y hourly at the pond site.

Soil moisture measurement, ve bouyoucos gympsum soil

blocks embedded in the sand }otvw:n the liners and in the soil
under the pond and around the pond will measure soil moisture. A
bouyoucos soil moisture meter will be read manually every 24
hours. A salinity probe can be used with this meter to measure
salinity valves up to 1000 pom,

Brine density mcasurcuent. There is no ideal meithod to mea-

sure brine density values in a pond or to monitor the density
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the data to the Apple II microcomputer s
tion room via short haul
Apple Il microcom

ted equipment is given in Table IV,

ystem in the data acquisi-
calling and answering modems.
puter will be equipped with an interfac= card
RS5232 to accept signals from the micrologger.

The

The list of selec-~

Table IV. Description of Selected Egquipment
Instrument Model,/Type No. Company
- Fischer scien-
Conductance Meter Model 32 i tific
B Pittsburgh,Pa.
Bouyoucos Moisture Artnur H. Thomas
Meter Model IPK23 I rPhiladelphia,Pa
Digitec HT Series United Systems
Solar Data Printer Digital Recorder 1 Corp.
Model 6140 Dayton, Ohio
The Eppley Lab-
Solar Data Integrator Model 411 1 oratory Inc.
Newport, R.I.
. . : 2pple Computer
Microcomputer Apple II i Cupertino, Ca.
Monitors Labs Monitors TLabs
Data Logger Model 9300 1 San Diego, Ca.
Flow Technology,
Slave Unit 200 Channels 1 Inc,.
Phoenix, Az.
Campbell Scien-
oy Dare Model PRI 102D 2| tific, Inc.
P Logan, uUtah
Campbell Scien-
Micrologger Model CRZ21 1 tific, Inc.
Logan, Utah
. . Campbell Scien-
Shgrt Haul Calling Model SCO95C i o B oy Tiie,
oL Eil Logan, Utah

Short Haul Enswer-—
ing Modem

Model S5C95a

Campbell Scien-
tific, Inc.
Logan, Utah

5.

A horizontal ¢
steel pipes th
by guy lines.

can be moved back and forth ACross
meters by using
shown in the figure.
num thermometer

DATA SCANNING SYSTEM

Figure 6 shows the two-dimensional
ature, electrical conductivity (density)
able that stretches acros
at are driven into the ground and held in position
A small measurement probe attached to the cable

the pond to scan pond para-

eys and electric motors
This underwater probe contains an KTD plati-
for temperature measurcment, an electric conduc—

the combination of pul!

SRR |

scanning system of temper-
and brine transmissivity.
s the pond is supported by
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Fig. 6. Two-Dimensional Scanning System.
tivity cell, and an Epply underwater radiometer, Figure 7 shows
the pulley and underwater probe arrangement. The scanning system

would also include fixed RTDs, underground thermocouples, addi~
tional electric conductivity cells, flowmeters and weather station
instruments. The scanning would have to be done at the fastest
rate needed by any one of the Sensors, in this case the fixed
RTDs. The rest of the data will be discarded by the data acquisi-
tion system (Apple I1I microcomputer) until its scanning time is
attained, i.e. the Scanning might take pPlace hourly but under-
ground thermocouple data will be saved only every 24 hours.

For a typical scanning operation, the horizontal position of
the measuring probe could be set manually and the probe positioned
at the bottom of the pond. The electric motor {or a manual winch)
would then begin raising the probe at a rate slow enough to mini-
mize the effe~t of thermal inertia (~0.3 cm/sec). The data acgui-
sition system will then do the signal scanning of each sensor.

The scanning intervals can be deloermined according to needs, and
could be as short as 30 seconds. The data logger interfaced with
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the apple 11 microcomputer will monitor the Flannlng process. The
sensors will be scanned as an electric motor pulls them through
the water. An Apple I1 microconputer will ba »laced in a loop to
await the data logger's scanning signals, The main advantages of
a two-dimensional cable and pulley data scanning system are its
versatility, fairly low cost and particular rtability to small
size research ponds. A drawback «F this

15 system is that the hori-
zontal cable has a tendency to sag and move under moderatle wind
conditions,

An alterrnative to the cbove sosten L& the ore-dimensional

scanning system shown in Figure 2. 2As shown in the figure, the
{ 13)

e

B
-
=

measuring unit is made of & cm (2 diameter PVC pipes. The
system construction is simple and tHe ¢ogt low, but the unit can
only scan on the circumference of :he by moving on the pond
frame. Figure $ shows details of the asuring unit construction.
This system can be used in conjunction with a fixed or floating
measuring platform, more or lesc manual ly operated, or with an
automatically operated cable a=d rull SYS
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Fig. 8. One-Demensional Scanning System.

6. DATA ACQUISITION SYSTEM

A microprocessor should serve as the nucleus of a dedicated
data acquisition and monitoring system. Through its parallel
input/cutput ports it can perform several operations such as con-
trol data acquisition via Preé-programmed scanning, process data,
make decisions, execute maintenance instructions, and provide
feedback between implemented instructions and data which resulted
from their implementation., The main advantage of a microprocessor
system is its versatility; this feature will be considered in fu-
ture research on the auvtomation of pond maintenance and operation.

However, since a data logger was available, it was decided to
use it as the System nucleus in association with an Apple IT mi-
crocomputer. A Monitor Labs 9300 dats logger combined with an
Apple II microcomputer fulfills the function of a data acguisition

system in our case. The data logger has forty channels assigned
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Fig. 9. Detailed View of Measuring Unit,

ror thermocouple signal input, the twenty channels for RTD input;
eighty more channels could be added. The Monitor Labs 9300 data
logger accepts two independent scanning rates, isg equipped with
time averaging features and has an internal clock and printer.

A 200 channel-capacity Monitor Labs slave unit works in tandem
with the data logger. The Apple II microcomputer has 48K memory
and 1s equipped with a disk drive, a video monitor and an inter-
face card to the data logger. With the Monitor Labs-Apple II
interface, the microcomputer initiates the scanning process of the
data logger and stores the data received. Once Stored, software
programs can provide data analysis and gradient modification




instructions. Figure 10 shows the data acquisition room with the
Monitor Labs 9300 dats legger in the foreground.

Some disadvantages are inherent in this data acquisition sys-
tem because the Apple microcomputer can no+ contrel the data log-
ger, it can only initiate the Ecanning. The channels which per-
form the scanning must be pre-set on the data liogger and fhe com-
puter can not override the pre-cet Sequences. This means that for
most purposes all the channels must be read and the unnecessary
data discarded. Conseqguentlv, the scanning speed is beiny imposed
by such an arrangement. Another disadvantage arises from the fact
that the data loggyer can not operate a muiltiplexer because the
electric conductivity cells being used neeus an A.C, bri:dge circuit.
A separate bridge is needed for each channel, and the electric
conductivity data will hawve to be monitored manually using a con-
ductance meter.

Fig. 10. General View <f Data Acguisition Eguipment.

7. OPERATION AND MALNTENANCE PLANNING

A diffuser will ke used to establish and maintain the verti-
cal salinity gradient [30]. fThe diffuser will be made of two
0.40 m (1.3 ft+) diameter half dises of 2.5 em (1 in} thick plex-
iglass. Pigure 11 shows details of the diffuser construction.
For small size research ponds, entire layers of brine can be re-
moved or injected without disturbing the pond's stapility as long
as the flow sceed is kept fairly low (in the order of 0.1 n/sec),
For large experimental ponds, the gap betwean the dlscs and the
brine flow rate should be such as to assure a liguid velocity
from the gap of 1.0 m/sec (3 ft/scc). The diffuser will be moved
to any position in the pond by the cable and pulley system.

The normal operation of = salt-gradient selar pond requires
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Fig. 11. Detailed View of Diffuser.

maintaining the non-convective zone (yradient zone) thickness
constant by injecting fresh water at the zone surface to replace
evaporative losses, and by injecting concentrated brine near the
pond bottom to replace the salt. The salt slowly diffuses upward
through the solar pond gradient zone at an average annual rate of
about 10 kg/m2 (2 1b/ft2). During the diffusion process the up-
per convective zone slowly gains more salt and the lower convec-
tive zone loses salt. Because of the high rainfall rate at the
pond site will reduce surface water evaporation losses, it may be
necessary to pump surface brine into the evaporation pond, and to
introduce only small amounts of fresh water onto the surface to
built up the upper convective zone thickness to the design level.
Concentrated Frine from the bottom of +he evaporative pond or
free salt in the amount up to 120 kg (264 1b) per month may have
to be introduced to the bottom of the research pond to replace
the salt that has migrated upward through the diffusion process
and been discerded with the surfzce brine. The saltv-gradient
maintenance in a pond will be a continuous process.

To combat evaporation losses usually a surface wash in the




amount of 1.0 to 2.0 cm/m2? (0.037 to 0.074 in/ft2) of fresh water
per day is sufficient depending on the evaporation rate and rain-
tall on that day. Any device used on the pond surface for con-
trolling the upper convective zone must also be effective in re-
ducing evaporation that may be instrumental in causing mixing by
convective overturn [31]. One way to control the evaporation
rate is to install windbreaks that would act to reduce bhoth sur-
face wind stirring and evaporation. Surface o0il films are also
being tried in research size ponds on an experimental basis.

Wave suppressing devices will not be used because it is antici-
pated that wind action will not have a negative effect on the op-
eration of a pond of this small size.

Brine clarity in a salt-gradient solar pond is important
because radiation falling on the pond must be able to penetrate
through the pond's upper convective and gradient zones to the
lower convective zone. Chemical treatment of solar pond brine
assures the pond's high transmissivity by controlling the bacter-
ia, algae and minerals content in the pond. Contrelling the pH
level through chemical treatment also minimizes corrosion of
pumps, heat exchangers, and piping. About 0.5 kg (1.1 1bs) per
week of chlorine in the form of sodium hyperchloric and hydro-
chloric acids will be used to minimize bacteria growth in the
pond by keeping the pH level 4-6.5. Weekly brine samples will be
taken and pH will be measured by using a pH meter. A diffuser
loop will be used to adjust pH at a specific depth of the pond.

A small gquantity of copper sulphate (~1 kg) will be put in the
pond at the beginning of its operation to control algae growth.

Since mostly dirt, especially sand, will fall to the level
of the lower convective zone and stay there, a sand filter simi-
lar to the one used in swimming pools will be used. The filter
loop will be equipped with a by-pass valve to permit periodic
flushing with fresh water. For the research activities described
above about 18.5 tons of sodium chloride will be used in the re-
search pond and 5 tons of salt in the evaporation pond. Calcium
chloride or a mixture of various salts [32] will be used to in-
vestigate the concept of pond coupled dehumidification cooling [33].

8. CONCLUSIONS

The design, construction, instrumentation and operation/
maintenance of a research salt-gradient solar pond has becn des-—
cribed to provide a basis for studying pond automation and scal-
ing up. Tt is apparent that the automation of pond operation and
maintenance has not been addressed adequately and needs 1o be
studied as an important part of salt-gradient solar pond develop-
ment and application. The use of a dedicated microprocessor should
be planned for future pond automation research to obtain data on
a pond-microprocessor integrated svstem.
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