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SALT-4MABIEMT SSLAR PUK

BoDald A. Ilccptr
as J 574

Los Almoc Matiomal LaMratorp
Los Alamos, Mcu MOXICS q7545 USA

lMTkOMCIIOH
Salt-grwlioBt sslar pods ●rt lar~-area d8vicM for

collection ●nd storage ●f solar tmrrgy at tt**raiurcs up to
90 c. Poods may be useful becauso of thclr lDM cost aad

b@caas@ of tho ltry~ aamot ●f thsrnal Rmrgy storagt that
they prwido.

A smlt-~radiont pared IS USUS1lY luo to thr80 motors
derp. salt (us~al]y MaCl) IS dlssoivcd lB the ~OOd ]m such
● May that the sallmlty varies from 202 ●t lho bottom to
mearly 01 at tbo top. lbIs causes tht demsity to imcreas~
uIth tipth, so that coavcctiom IS prmvcmtcd Mhoa the uat.cr
at tht bottom is wara~r tham matar at the top. Sumllght
pemrtratlmy thr p@Bd uaras tbr uatcr at tho bottom of kho
poad, aod tbo ooMomvmc:imy ●attr abev~ mcls ●s a
Lrassparo?t imsmlator t- rcta!n tb8 h~at. Approxinatcly 400
kg of salt ma rrquirmd far ●ach square n~tar ●f pored arra.

Ih@ pored has thrw layers (figure l). Ibo bottoa I*yrr
IS aboot 1 ●tw derp. Brmity a-d tcmpcrmturs arc comsiant
lhrou@ut this Iaycr b-cause it IS cowRcliw. The
com~ctlom IS isdicatcd by circular arrams os the d]ayran.
lhls layrr scrvas ●s th8 tbcrmal storag~ of tti pored. Ths
nlddl~ layer dam ●st csmvrct. It is stratified, md is
a>out om mat-r thick. in this layer, ttm salimity ad
tcaperature botb decrease upuard. This 1* called lhc
‘~radic~t= laytr of tbo pared bccaus~ both tha salimity ●md
Lb@ Lrapcraturc form contlmuou~ gradiocts. Tho top layar of
lhe pored lS comvectlvc, ●md IS O;lCD ●bout 0.4 nctors thick.
IB the top layer the tenperaturc 1s C1OS8 to the
temperature of tnc al:, ami tlw salimity is hcpt ●s Iou ●s
possible. The variatioa ●f salimity ●nd t~np~raturr with
dtpth are shwn ID Figure 2.
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Fig. 1. Diagramof a solar pond.
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Fig. 2. Yariatton of solfntty aml t~rlture
with depth.

Salt CODIIM.USIY dlffuscs upuard through tbo grad~ent.
If tlm yradlcmt Uer@ 10 Qsd ●t an Inp@m@trabl@ boundary



(such as ths ●ir-uater imlcrfaco), salt ceuld mot dlffuso
throu$h tkz boumdary, atd salt uouid ic(unclatt B1 the
boumdary. Thus, uc S8C that ● salt gradl-mt cannot cd ●t
eliher the battoa or tho top -f the pcmd. The:ef@ro,
csBvcctimy Iayors ●ust ●xist ?1 Lht toD ●d bottom of Lhc

psmd to brim$ salt to tha tmd of tht gradiamt tt ths bolton
i-d to carry salt ●uay at t)!~ top. Iho bettcn convccliv~
layer IS USCfUl bccau$e it provides the ihmrnal storayc.
iioutverp ttw top cemvcctiv8 Iaycr serves 00 dwful purpose.
Asy solar ●m~rgy •~sarbtd lB this layer IS slnply lo~i to
tbe al:. lberofora~ MQ uish tm kerp this laysr as lhim ●s
posslblc. Im practice, tha upuard Lramlpart ●f salt and
tbc ●lxiof duc to bimd make it difficull to mimtaln this
layer Iecs tham 0.3 ●ctcrs tblck.

Diffusimo through tbc gradicntt mhich is about 1 nctar
thLck, causbs ●m upuard salt traaspmrl ●f about 10 k~ por
square aet~t por y~ar. As 1 shall @xplai* lat~r, olhcr

process-s cam cau%e thm total e?mmrd tramsport of salt to bc
as laryc as 3S k~ pm squmrc ●rtor p-r year. The

accumlatlo~ of salt aL Lhm tap Iaycr ●ust bc renovrd by
flusbia$ uith frmb uattr w milb uatrr of IOU salinlty,
such ●s sah baler. Salt ●utt bc mddmd 10 the bottom layer

of the pOMd akut omcc per ysar.

Tbo lmfrar~d portion IS about ●at-third of W total
incldcct solar ●nsrgy. This psrtiom is ●bsorbod in the
first fe~ aillimtors of the poad tad the ~mergy is lost to
the ● ir. Apprsxlaalrly on!-third sf lhc sumlight 1s
absorbsd im the gradienl lmytr, ●md srrvcs to naintaim th~
teaperalrrc gradirmt in that laytr. About om8-lhird of the

~acldamt ro#rgy rc~ches the bottom ~f tht pored. Th@
th.corrtical ●fficiency of the pored is about 20Z. IB
practlcc, 10Z-1SZ of lhc lacidtnl solar cmor~y nay bccom
us-ful tbrnal cooryy. Em8r~y is usually r~nov~d from Lh@
pored by pwnpimg hot salt mat-r from tkm botton layer through
● h-at oxchaagcr locahd ●ar lhm posd. Ilouevcr, a heal

cxchamqcr could b- placed im the pored mar the top of the
lover cow-ctivm layer.
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Fig. 4. Olffuser to spread in-
co9ing flou horizontally.



II161MTIOM Of LAYERS
A salt gradimt ●f 20Z (by u~i~ht) salt par nctcr uill

not ccmmct uith ● temperature Jrtdi@Bt of 100 C per meter,
amd mill mot be ~reatly harsrd mm by divers soiDg to the
botton. Ihus, coavsctiva stability of the gradir~t can bt
a~surcd. Houevw, at high tcaperaturc gradicats, th~
bauadarim bctueom tlm layers ni~ratc ia such t uay ● s to

wade the ~radicat layer fran ●bove aad from b~lout thus
●mlargim~ tho ~owectiag layers. If th tcap-aturo
gradient is suftiricatly wall, ihc boundarim of the
gradieat layer aay awe outuard, ●alargi,g the ~rtdimt
layer. Figure S sbous dats froa ● poad that uas operated
uith ● ucak salt gradimt, uhich causad rapid boundary
nimratiom. Ths dots 08 the yraph shorn thm aeasur~d positiom
of tbt toumdaries ●f the yradient layer.

At our laboratory, me haw %tudi@d layw nigration with
● coaputer nodel, uith ●xperiaemts in laboratory tasks, and
ulth ●a outdoor pond. Ue fired tha; ths h-at flux across a
bomadary is doteraiaed by the temperature gradient ●ar ths
bou8dary. The sali flux ●cross the bouadary appears to be ●

umique fumctios of tbe heat fiux. if the salt flux ●cross
the boundary is greater tbaa that uhich caa be renowd or
supplied by the salt $radient, miximg Mill occur ●t the
bnunda:y. The rate of miximg, ●nd ctmequemt destruction of
tha yradicmt layer, is reduced if th~ ●alt gradieat is ●s
lar~e os possible. Ia fi$ure 5 the soiid iines shou the
prcdictiom of our coaputer aod~lz uhich iscluded
catraiaaest of turbulence due to wired. Altt?okqh the uind
had ● si~nificant ●ffect on the top layer, the doaiaaat
cause of tho layer mi~ratioh uas atie to the relationship of
salt ●nd heat fluxes at the bo~ndaries.

Carl llielsem sf Ohio State University is ●ttcnptimg to
coatrol boundary ni~ratioa by imjactiag shall ●souats of
cmcemtrated solutiom just belou the upper boundary of the
gradient Iayer uhile ia]ectiag snail ●aauats of dilute
solutioa just ●bove the louer bmmdary, thus changimg the
gradie~t sear the baundary to match th? salt transport
●cross the bousdary. Other uorkers repair ths gradient
iayer uhem mecessary by ia$zction cf brine fron the louw
convective layer w dilute solutlom fron th~ top layer uhile
noviag the diffuser up or dou~. Either nethcd of gradient
comtrol transports salt ●nd heat toward the top of the pond.

Fig. 5. Position of the measured and calcu-
1ated

E’
sitions of the upper and

lower oundaries of the convective
layer.
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STATUSW WIAa P8UBS
S61ar poads ulth area ef fbit OQO squaw n~ters are

beim$ t-td in Israel tot proauctlom of clsctric po-ro In
lhe U.S., resea?ch has beem done uIlh &h@ Imhmt of using
lar$c poads for electrlc power ●nd snaller ponds for
industrial process heat or heatlay ●nd COOIIIW of large
buildiBys. liomevsr, BR the b.s. no Fends larger than 2000
square n@ters have b~ca tested. 1 nou believe that ponds
MI1l tm mst acomalcal In lticatloas mar salt lakes or the
ocean, ubere salt has very llltI@ cost ●nd uhare the
discharge fron flushing the top surface of tht poad can
safely be released ulthout danger to the ●mvlronn?nt. Any
pond uill r~quire fiomLtorIng of ttw gradient and nakntenance
to keep the gradient tn place. h large poad nay require no
nor- ●ffort for nalnteman~~ than ● snali pond. Construction
costs, loss of heat throu$h the sides, ●nd cocvcctive losses
due to the ualls ●ll become snallar, per uni% ●rea of the
pond, ●s the posd becones large. Thus, I feel thai ponds
snalicr than sweral thousand square n~tzrs will not lw
useful. B@cause the losses of ●nergy in cowersiom 10
electricity ●r~ so large, lhc ●-t solar ●ffici~ncy for
coavmsion to ●lectrlctty is about 12. 4: a latltudQ of 30
degrew, four ncgauatts of ●lectric pouer can be c-.tained
pm squarr kilon~tar of pond ar~a. This can be ●conomical
if ● naturally salty Iakc can be comvertcd to ● solar pond.
UaIike other solar devices, ● pond can deliver its ●nergy ●t
nig~t, and a pond IS not greatly affected by scvepal days of
cloudy uea!her. lhls IS because ● pond has ● very larq~
anount of thernal storage. I an therefore hopeful that
pomis uill be us~d, but 1 ●xpect Mat they uill be lintted
to large appilzatlons la matwally salty locations. At one
tine I had hoped that snail ponds {2000-5000 square meters)
could be used for heatlny bulld~~gs or for pro~ldiag hot
uater, bu; I aou believe that the nalateaaace reqcircd by
layer ni~ration nay nak- mall ponds too costly to operate
UUICSS we develop sinple nethods for controlllag the
gradient.

Uorkers In Israel have had sme success uith large
ponds, bul their Mork has aot bees published. 1 must regard
any solar pond as a resear:h proJect, and I cautios you not
to construct ● pond ulth lhe lateat of obtainiag us~ful heat
before you do ●xperiments,
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PHOTOGRAPHS OF PONDS (figures not printed in text)
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I Mill shod scne pttatographs of ponds.

figure & shous construction nf a 2,000 square neter
pan~ for heating a suIMIng pool. Figure 7 shows the
fln~shed pcnd. fhls pond has successfully hcatrd ● suimning
pool, but the pond operators had several bad @xp@riences
u~th leaks and n~xia~ of layers.

F19ure 8 shous a snail research pond 10 uhich a grain
dryer uas connected as a demonstration. This pond dio not
alt?ln temperatures above 60 C because leaves fron trees
bleu Into the pod ●nd stained the Mater.

Fi3ure 9 shous ● snail research pond in a sunny clinate

ulth very dry soil. As an experimnt, this pona ~as alloutd

I
lJ boil. The boiling of the lauer convective layer stirred
dirt fron the botttin up into the uater, and caused s.~me

1 nlxlng of layers, but did not otheruise barn the porm.

Fi~ure 10 shous details of the sandbags and trench used
to ●nchor the rcbber nenbrane liner of the pond ●t our
laboratory. Our pmi was built by digging vk:~ical side
Malls into soft volca~lc rock. for resaarch purposes, ue
uanted a snail pond uith vertical side ualls so that it
uould sinuiate the operation of ● large pond by ●voiding the
cbnvectlon at sloping side ualls. FiSure II shows the side
ualls ●fter foan insulation was ●pplied. For research
purposes, w uanted insulated side ua]ls, so that the nixing
of layers would not be influenced by ioss of heat throu~h
the walls. The verticai side ualls caused sone stress in
the nenbraae liner that eventually caus~d it to tear and
leak . FISure 12 shows the installation of tnc nenbrane
liner. The bottom of the pond under the liner was covered
ulth sand to provide ● snooth surface for the liner. Figure
13 Stious the conpleted pond before salt and uater uere
a4.1e J. It is 1S neters square and 4 neters deep. Figure f4
51JIIM5 tt,e dunping of salt into the pond, and the
lnsirunentatioa rack. Sone rain uater is in the botton of
the pGnd. Figu;e 15 shous the conpleted pond. The Uradient
uas forned in one day and the botton Iayer immediately began ,,‘
u.:rnlng at the rate of 1 C per day.
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Figure 16 shous a 7000 square neter pond ●t Ein Bokek,
Israel. ExprrlarstaJ n~shcs ●rc floating on top of the pond
to prwemt u~mi-driven uavm. Uorkers in Israei hmw
Uemoastrat@d geacration of several hundred ki!ouatts of
●lectricity from other ponds.

AkPEltDIX: FLUX RELAIItMS)iIF’S
Ue find that the relationship &etu@ea heat fJux and

salt flux at ● boundary can be ●xpressed ●s:

pC13Fs -0.13= 0.1455 FH ,
a FH

!a uhlch tlw left side of the ●quation is dineasionless but
FM oti th~ right side is in U/cn2. Data fron othm Winkers
:wllcate vaJucs ior the dimensionless ratio as 10M ●s
o~e-third o? our valus. This relationship iapJiss, for
exanple, that uith ● temperature of 60 C *ad a temperature
gradicu: of 0.5 C/en, the salimzty gradi~nt must be 4.9x1O-3
9/cn4 (0.WX/in). For a saaller salinity gradimt, the
~radicat Iayer uill S1OW1Yshrink ●s the boimdary noves into
It. lhc rate of ●acraachneat depemds on the gradients, but
8s ●t

Q
=

Cp =

B ‘“

Fs =

‘H =

most ● feu mm p~r day.

fluid density (g/cA3)

heat capacity (J19”C)

~ af3()P35T = salinity expansion coefficient

salt flux (g/cm2s)

heat flux (U/z.a12)

~ 3(I
c1 ()‘-pz ~ = coefficient of thermal expansion (C-l)


