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SALT-GRADIENT SOLAR PONDS

Denald A. Meeper
S J 574
Les Alames Matiomal Laberatory
Los Alames, Hew Nexice 975435 USA

INTRODUCT ION

Salt-gradient selar pends are large-area devices for
collection and sterage of selar eaergy al teaperatures uvp to
90 C. Ponds may be useful becawse of their lew cost aad
becazse of ‘he large ansunt of Lharaal energy storage that
they proviée.

A salt-gradient pend is wswally tve to three aeters
deep. Salt (usxally NaCl) is dissolved in the pead 1a such
3 way that the salimity varies frea 201 at Lhe beiten (o
searly O at the tep. This causes the densily to incroase
with ¢epth, se that ceavection is preveated vhen the viter
at the bettom is waraer tham water at the tep. Sunlaght
penetrating the pond waras the water at the bettsa of the
poad, aad the nencenvec’ing waler abeve acls as 2
transpare=l iasulater te retain the haal. Appreximalely 400
kg of salt are required for each square netar of pend area.

The pand has three layers (Figure 1). The bottoa layer
i1s about 1 meter deep. Densily and tesperature are consiant
threughsut this layer because 1t 13 cenveclive. The
ceavection 13 indicated by circular arreus on the diagran.
fh1s layer serves as the Lhermal storage of the pend. The
niddla layer dees aat canvect. It is stratified, and is
about onme aster thich. In thas layer, the salimity and
teaperature beth decrease wpward. This 1s called Lhe
“gradiest® layer of lhe pend because both Lhe salinity and
the teaperature fora continuous gradiects. The tep layer of
the pond 15 cemvective, and is o.len abeul 0.4 meters thick.
[s the top layer the temperature is clese Lo the
tenperature of tne a1-, a3a¢ the salinily is hept a3 low as
possible. The varialioa of salinity and teaperature with
depth are shewns In Filgure 2.

Salt comlinueusly diffuses upvard threugh the gradient.
If the gradieat uere Lo 2nd at an 1apeneirable boundary

Fig. 1. Diagram of a solar pond.
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Fig. 2. Yariation of salinity and temperature
with depth.



(such a8 the air-vater interfice), saltl could mot diffuse
through thc bexadary, and salt wowid accumclate at the
boundary. Thus, we see Lhat 2 sali gradient camnetl erd at
ei1ther Lhe botton or the top of the pcad. Therefere,
cenvecling layers must exist 2L Lae top and botion of the
pend Lo bring salt te the end of the gradient at ke boltoa
and to carry salt avay at the top. The botica comvectlive
laver is useful because it provides Lhe Lhernal storage.
However, the top comvective layer serves no uselful purpose.
Aay solar esergy adbsarbed ir Lhis layer 13 siaply losti to
the a17. Therefere, ve wish ts keep this layer as this as
possible. Inm practice, tha upuard Llramspert eof salt and
the aixing due te wind aake il difficult to maimtain this
layer less tham ¢.3 meters thick.

Diffusien threugh the gradieat; which is about 1 aetar
thick, causes as upuward salt traaspert of aboul 10 kg per
square neter per year. As | shall explain later, ether
processes cas cause the total cvpward tramsperl of salt to be
as large as 15 kg per square nmeter per year. The
accuaulatien of salt a3l Lhe Lep layer ausi be remeved by
flushing with fresh waler oF wilh water of low salimity,
such as sea water. S5alt aust be added Lo the boltioa layer
of Lhe poud absut ence pear year.

The infrared pertion 15 abeul ene-third of the total
incidect selar ensrgy. This pertiem is absorbed in the
first fex aillineters of the pand and the emergy i3 lost to
the air,. Apprexiaately omz-third of Lhe sualight is
absorbed in the gradieal layer, and serves Lo mainiain the
Leaperalvre gradiest in that layer. About ome-third of the
incident energy reaches the bottos af the poad. The
theoretical efficiency of Lhe poad is about 20I. In
practice, 10I-18X of the incidanl selar energy may becone
useful thernal esergy. Energy is uwsually renoved froan the
poad by puaping hot salt water frea the boltoa layer through
a heat exchaanger localed aear Lhe pexd. However, a heat
exchasger could be placed in Lhe poad near the Lep of the
lower comsveciive layer.



CORSTRUCTION AND BAINTERANCE OF THME POMD

Sslar poends are uwswdlly censtrucied witlh sleping side
walls because i1t 15 difficult te comstruct vertical walls.
Because Lhare can ba np diffusien of sall inle » wall, the
sall gradieat near » wall) awst b2 parailel]l to the wall., If
2 wall is mal vertical, 2 line of constanl salimity vill »ol
be herizental near Lhe wall (Figure 3). This effect will
cause coavection cells Le eccur mear the vall, wilh an added
upward loss of sall and heat. These added losses are
propertional Lo ihe lenpth of the periaeter of Lhe pond
while elher gaians and lesses are proporiional Lo Lhe aren of
Lhe nead. These coanvective losses due to sloping valls have
sel beer nmeasured, bul they are belisved te be insign.ficast
far ponds lzrger than a few thousaed square melers,

411 ponds buill {a the U.5. have used a plastic or
rudber sesbraae te privert the less of veter 23d saltl intld
the so’]. Uarkers im boih the U.5. and [srae. have stuvdied
the wse of satwras clay for Lhs beitea of the pend, buil
there 1s Jittle practlical exparience (o tell wy §f this will
be Juccessiuwl,

The gradient con be easily ferned if the pond 13 first
filled Lo Lhe level of the nid peial of the aradieal wilh
concentratad sall selutina. Ax 1alet diffuser (Figurr 4) s
thea lowerad inle Lhe pond Lo the pesition where Lhe icp of
the lewer coavective layer wil) be. Fresh usler is injecied
thraugh the C17fuser while 1v 33 pulled wpuard at tuice the
rate ihal the top serface of the waler rises. The fresh
waler satering the pewd froa the diffuser vill aix upward,
and ¢ taly gradient will be farmed that spproachesr zere
salinitly at the paint whare the diffuser reaches tLe tep
surface of the water.

Creanic grevih cam be privested by disseolviang a small
anousl of cepper sulfale in the salt wvater defere the
gradiest 1% foraed, and by periudically 1sjecting
hydrockloric acid inle Lhe pend 5o 23 Lo haep the pond
slightly acidic. Host windblewn dirt will seltle to the
bollea of the pond. Leaves froa tvees and large pieces af
debris showld be kept oul of thw pend because Chey will
selile to sone deplh in the sradienl and possibly color ihe
vater. Thao poad should be sufficieatly clear Lhat you can
see the print om 3 mewspaper lying on the botloa.
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Fig. 3. Lines of constant saiinity near
an impermeable sloping wall.

Fig. 4. Diffuser to spread in-
coming flow horizontally.



NIGRATION OF LAYERS 4
A salt gradient of 202 (by weight) salt per neter will Tesata T T eaeniens, 68 i

nol convect wilh a teaperature gradiest of 100 C per neter, ::& — EOBEL CALCULATION [::::::::: ':-‘#.’2!3'.'-‘.:"“:
and will mot be greatly harned evea by divers going to the ¥ I 5 W0 ERTAANSENT Wy ~R, an-wa
botton. Thus, coavective stability of the gradieat can be 200}
assured. Houever, at high tesperature gradieats, the i
boundaries between the layers nigrate in such 2 wvay as to 2e
trode the gradient layer frea above and froa below, thus Ll
enlarging the convecting layers. If the teaperature 00
gradient is sufficiently small, the boundaries of the ::
gradieat layer nay aove outward, enlargiag the gradieat e
layer. Figure 5 shous data frea a2 poad that was operated veo
with 2 weak salt gradieat, which caused rapid boumdary 0
aigratlion. The dotis on the graph show the aeasured positioms "o
of the doundaries of the gradieat layer. 120
120
A\ our laboratary, we have studied layer aigratiom with e .
a coaputer aedel, with experiaents in laboratory tasks, and W TR % w [ W 1W 128 1
with an eutdoer pend. Ue find tha. the heat flux across a s vl

boundary is deterained by the teaperature gradiemt mear the
beundary. The sali flux across the boundary appears to be a
unique fuaction of the heat flux. If the salt flux across
the boundary is greater than that which can be renovad or
supplied by the salt sradieamt, mnixing will occur at the
boundaiy. The ratle of mixing, and cumsequent dastruction of
the gradieat layer, is reduced if the sali gradiest is as
large as possible. In Figure 3 the solid iines show the
predictions of our cosputer model, which iscluded
eatrainaent of turbulence due to wind. Although the uind
had a significant effect on the top layer, the dominaat
cause of the layer aigration was aue te the relationship of
salt and heat fluxes at the boumdaries.

Fig. 5. Position of the measured and calcu-
lated positions of the upper and
lower boundaries of the convective
layer.

Carl Nielsen of Dhio State University is attempting to
cantrel beundary nigration by injacting saall amounts of
ceacentrated solution just below the upper Loundary of the
gradient layer while injecting small anounts of dilute
solutioa just above the lower boundary, thus changiang tha
gradienl near the boundary to aatch the salt tramspoet
across the boundary. Other wvorkers repair thx gradient
fayer uwhen necessary by iniection cf brime froa the lauer
convective layer eor dilute solution from the top layer while
aoving the diffuser up or dox:. Either aethad of gradiest
contrel tramsporis salt and heat toward the Lop of the pond. ,’



STATUS NF SOLAR PBMDS
Sclar poads with area ef 50 000 square aeters ore

beinc tested in Israel tor prosuction of eleciric power. In
the U.5., research has been done with the intent of using
large ponds for eleciric pover and smaller powds fer
industrial process heat or heating and cooling of large
buildings. KRowevar, iz the U.5. w0 pords larger tham 2000
square neters have brea tested. 1 mow believe that poads
will be most ecoraaical 1n lucations mear sali lakes or the
ocezn, where salt has very little cost and where the
discharge froa flushing the top surface of Lhe posd can
safely be released without danger to the emvironnznt. Any
pond will require soritoring of the gradiemt and maintienance
to keep the gradiest 18 place. A large poad nay require no
nore effort for maimtemanie tham a snali pond. Cumstruction
costs, loss of heat through the sides, and cosvective losses
due to the walls all become snzller, per unil area of the
poad, as the posd becones large. Thus, I feel thai pomds
snaller than several thousand square netars will nol be
useful. Because the losses of emergy in conversion lo
electricity are so large, the mnet solar efficiency for
coaversion to electricity 1s about 1X. Al 3 latitvde of 30
degrees, four megavatls of eleciric power cam be ¢ .tained
per sguare kiloneler of poad area. This car be economical
if a maturally salty lake can be converted to a solar pond.
Uslike other salar devices, a pond can deliver its emergy at
night, and a pond 1s not greatly affected by several days of
cloudy weather. This 1s because a pond has a very iarjc
anount of thermal storage. [ am therefore hopeful that
ponds will be usad, but I expect that they will be limited
to large applizations 1n matarally salty locations. At one
tine I had hoped that small poads {2000-5000 square neters)
could be used for heating buildings or for providiag hot
vater, bu. I mov believe that the maimtemance required by
layer migration may mxke snall ponds toc costly to nperate
unlecss we develop sinple nethods for controlling the
gradient.

Workers 1a [srael have had sone success with large
poads, bul their work has mol beem published. [ must regard
any sclar pond as a researzh project, and 1 caution you not
to comstruct a pond with the 1atent of obtaining useful heat
before you de experinents,
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PHOTOGRAFHS OF PONDS {figures not printed in te:t)
I will show scmne phatographs of ponds.

Figure & shows construction of a 2,000 square neter
pond for heating a swimning pool. Figure 7 shous the
finished pead. fhis pond has suzcessfully heated a swinning
pool, but the pond operators had several bad experiences
with leaks and mnixing of layers.

Figure 8 shows a small research pond to which a grain
dryer was coanecied as a demoastration. This pond dis wot
altzin temperatures above 60 C because leaves from trees
blew 1ato the poad and stained the water.

Figure 9 shouws a small research pond in a sunny clinate
vith very dry soil. As an experinent, this pond vas alloued
to boil. The boiling of the lower convective layer stirred
dirt from the boltom up into the water, and caused sone
aizing of .ayers, but did not otherwise harm the ponu.

Figure 10 shows details of the sandbags ard treach used
to anchor the rcbber mnenbrane liner of thc pond at our
labaratory. Our pond was buill by digging verlical side
walls into soft valcanic rock. For reszarch purposes, we
wanted a small pond with vertical side walls so that it
would simulate Lhe operatiomn of 2 large pond by avoidiag the
convection at sloping side walls. Figure 11 shous Lhe side
walls after foam insulaticn was applied. For research
purposes, we wanted insulated side walls, so that the nixing
of layers would not be influenced by loss of heat throujh
the walls. The vertical side walls caused some stress in
the nenbrane liner that eventually caused it to tear and
leak. Figure 12 shows the installation of the neadbrane
liner. The botion of the pond under the limer was covered
with sand to provide a smooth surface for the liner. Figure
13 stiows the coapleted pond before salt and water were
added. It is 13 meters square and 4 neters deep. Figure (4
shows the Juaping of salt into the pond, and the
1nsirunentation rack. Some raip water is in the bottomn of
the pond, Figu.e 13 shows the completed pond. The jradient
was farned in one day and the bottoa laver immediately began
uarning at the rate of 1 € per day.




Figure 14 shous a 7000 square neter pond at Ein Bokek,
Israel. Experimental nushes are floating on top of the pond
to preveat uind-driven uvaves. WNorkers in Israei have
Yenonstrated gemeration of several hundred kilowatts of
electricity framn other ponds.

AFPEMBIX: FLUX RELATIONSKHIFS
Ue find that the relationship betweer heat flux aad
salt flux at a boundary caa be expressed as:

pC BFf
~ B _ S .o 5, 013
a FH H

1a which the left side of the equation is Jdimensionless but
fH ou the right side 1s i1n W/cn2. Bata froa other wurkers
:ndicate values vor the disensionless ratio as lov as
ore-trird of our value. This relationship implies, for
exanple, that with a teaperature of 40 C and a tenperature
gradiert of 0.5 C/cn, the salimity gradieat aust be 4.9x10-3
g/cad (0.341/<n). For a snaller salinity gradient, the
gradieat layer will slowly shriak as the boundary meves imto

1t. The rate of eacrvachneat depends on the gradiests, bul
1s at nost a few an per day.

p = fluid density (g/ca?)

Cp = heat capacity (J/9°C)

130y _ .
g - p(§§ 2 salinity expansion coefficient

= salt flux (g/cm2s)
= heat flux (W/cm2)
-lap = ici i -1
a "p(ﬁT)s coefficient of thermal expansion (C °)



