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SOUR POND RESEARCH AT THE LOS MS iUTIOML LABORATORY.

by

6. F. Jones, K. A. Meyer, and J. C. Htistrom

Los Alamos National Laboratory

LOS Alamos, New ~XfCO 87545

and

D. P. Grimer

Nqw Mexi:o Solar Energy Institute

Las Cruc@s, New Mexfca 88003

ABSTRACT

A descriptionof solar pond research at Los Alamos National
Laboratory Is prasented. The main Issues In the theory of solar
ponds are dtscussed. Among these are the Interfacfal-boundary-
Iayur mdel, models for Intirfacemctlon and pond performance,
heat axtractfim, and ground heat loss. The ccre of the research
effort at Los Alams was the developmentof a ono-dln!anslonal
computer program to accurately predict dynamic performanceof a
solar pond. The computer mdel a,]dthe experiments that ware
designed and performed to valtdate It are described. The exptrl-
nmnts include tw laboratory tanks whercln tampwatur , sallnfty,
and flow visualizationdata were obtained and a 232 a outdoor
solar pond. Results from preliminaryvalldatlcn show good agree-
nnnt betwen the pond’s prodlcted dynamic behavfor and that whfch
actuall occurred In the cxpcrlments. More validation usfng data

?fra fu 1-s1ztd solar ponds fs needed. A new correlatlon for the
ratio of fnterfacfalsalt-flux to heat-rlux Is propos~d,

%

-0.13
s ● 0,1455 Fh I

ah

whfch agrees
rasearch &re

well with our data. Reconsnendatlonsfor future
given.
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1. PROGRAM DESCRIPTION

Tho objectlw of the solar pond research program at Los Alamos was to obtain a -

thorough understandingof pond fluid dynamics. To this end, a coordinatedcxperl-

umtal, analytical,and numrlcal pragram was planned. At the heart of the program

was the developmentof a one-dlmenstonalcaputer model capable of accurately

pradlctingtlm-dept?nbnt solar pond Wmp@ratures, salinities,and fnterfacemotion.

Uhan tha program began, a major unsolved probl~ In salt-gradientsolar pands

was the lack of a basic understandingof the mchanisms by which the various layer

boundariasmva and how to control them. To obtain a better understandlnqof layer

mtlon, a $@rles of flow-visualizationexperlmnts was conceived and performed.

TM laboratoryexperiments and a full-scaleoutdoor solar pond were designed and

built to provide quantitativedata by whlch~ could validate the mdel and enhance

our understandingof pond dynamic behavior.

11, THE THEORY OF SOLAR PONOS

A. InterfaclalBoundary Layer Model

The effactlvenessof a solar pond Is determined to a large e~tent by the

thicknessof the layers. The upper convecting zone (UCZ) absorbs solar radlatlon

(Rtfs. 1, 2, and 3) but contributesfioresistanceto heat lass from the warm lower

convectivezone (LCZ); It 1s, therefore,dasfrableto minimize Its thickness. The

dlffuslvecort (gradientzone) provides the pond’s insulation,and reductions In

Its thicknessb~low an optimal val~e will rtsult In Increasedheat-loss rates, The

thfcknessof the LCZ determines the amountof encr~ storage In the pond.

It Is generally rocognfzedthat the bcundarias separating the mixed (convective)

zon~s and the dlffuslve core are not stationary,but MOV8 In response to forces

acting on them. For reasons that aro explainedbalow, when there fs an Imbalance

betwm tho effects ofconvectlve stirring In thomlxed zones and the diffusive

flux of salt and heat through the cora, the mixed zonos can encroach upon the core,

raduclng ~ts thicknessand decroaslngpond performance. Themotlons described here

occur even though the dlffuslvecore itself Is hydrodynamicallystable.

The physical process that governs Interfaclaln’mtlonIn the region of tha

boundary between th@LC2 dnd core In solar ponds Is double-dlffusivoconvection,

This process also occurs at the fnterface saparatlngthe UCZ and the core, but may

not ba the major process In action. There, In addltlon to the effects of double-

-2-
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diffusiveconvection,we encounter wfnd-inducedconvection and turbulenceand

effects caused by dfurnal heating and coolfng resultlng fn entrainmentof the UCZ

fnto the diffusfve care.

Oouble-diffuslve convectionmay occur fn any flutd wfth the fol1owfng

characterlstfcs: the flufd fs canposedof at least two species with dffferent

molecuiar dfffusivfties;and tlw species nake opposfng contributionsto densfty.

Here, the ratfo of the thermal dfffusivfty to salt dfffusfvfty fs about 80. A good

overvfew of ongoing research fn the area of double-diffusiveconvection is presented

by Huppert and Turner (Ref. 4).

The ocemographfc eonmunfty has done extensive work fn the area of double-

df?fusfveconvection fn thermohalfnesystem. Instead of the three-zone system of

fnterest to solar pond researchers,the system studfed by oceanograpk~rsconsists

of two convective zones separatedby an fnterface across which exfst step changes
fn salfnftyand temperature. The Interface varfes fn thickness from a few

millimeters to about ffve centimeters (Refs. 5 and 6). Thfcker interfaces exhlbft

a nonconvectfngcore (in whfch nmlecular dlffusfon domfnates) separated from

convectingzones by regions of intermittentturbulent fluctuations. He regard

these fluctuatingregfons as fnterface-boundarylayers. Researchers have obtafned

emplrfcal relations for fluxes of salt and heat through the fnterfaceas a functfon

of the salfnfty and temperature steps across the fnterface.

A sfmple mechanisticmodel of the fnterfacfalboundary layers of fnterest to

oceanographersfn whfch salt and heat transport are drfven by thermally Induced

convectionh~s beet?proposed independentlyby Lfndberg and Haberstroh (Ref. 7) and

Lfnden and $kfrtcliffe (Ref. 8). The model assumas the simultaneousgrowth of a

thermal boundary layer and a sallnlty boundary layer fran a sharp fnterface

(saparatfng the fntermfttently turbulentLCZ md the dfffusfve core) Into the LCZ.

TIM steps of the model are dep’cted In Fig. 1. As tfme fncreases frcm zero, the

thermal-boundarylayer outdistancesthe sallnfty-boundarylayer because the molec-

ular dfffusfvltyfor heat fs greatei’then that for salt, The growth of the

boundary layers fnto the LCZ at tfme at fs shown fn Fig. 1. The density dfstrf-

butfonwithfn most of the thermal layer 1s unstable, and at some thicknessAX

occurring at tfme t*, the layer wI1l break down and release a buoyant element.

Subsequent turbulentIIIfXfng caused by thfs phenomenon restores 1ocal unfformfty to

the LCZ and the process of boundary-layergrowth and breakdown continues In a

perfodfc mannev. The released element,whfch Is called a plume or “thermal”

(Rtf. 9), is cooler and less salty than the bulk of the LCZ and gives rfse to the

-3-



.-

turbulentmlxlng within the LCZ. Ourlng the boundary-layergrowth part of the

process,as the boundary layers thicken,mass and energy conservation require that

salt md heat pass into the diffusivecore where they are transportedupwards by

diffusion. If we assume completemixing of both boundary layers into theLCZ at

the tiw of layer breakdown (Ref. 10), the ratio of the increase in potentialenergy

of the system (caused by an Increase in the elevation of salt mass) to the thermal

energy transportedthrough the interfacemay be est!mated. This leads to a unique

ratio of salt flux to heat flux (flux ratio). Oceanographic-modelpredictionsof

this ratio are in relativelygad agr=mentwlth laboratory-mweasuredvalues. The

flux ratio is ve~ important for two reasons: it plays a major role in predicting

pond lay~r migration; it is also the correlating parameterused in the dynamic

performancemodel described in th’s report.

●

1.*‘1

Fig. 1.

B. Flux Ratio at a

‘“l--hyti~-”‘T---I I I L J
mC@

Boundary layer model of double-diffusive
convectionof salt and heat.

Boundary

assumptionsmade in the study of ~he oceanographic inter-Paramountamong the

face is that of quasi-equilibrium;at any instant in time, the propertiesof

convectionare the same that would be observed fn steady state ‘withthe same VJIJeS
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. of the flow parameterspresent at that time. Salt and heat storage effects in the

Interfaceregions and the core are thus neglected.

Turner (Ref. 11) has shown, through the use of dimensionalarguments, that the

flux ratio depends only on a quantity defined as the density-stabllltyratio, RP,

where

where AS and AT are the step changes In salinityand temperature,respectively

across the boundary. In

the flux ratio decreases

is a constant equal to

particular, for R. ; 2, experimentalevfdence shows that

sharply with Increasing20 and for RP ; 2, the ratio

{1)

where, for thermohallnesystems, the right side ts about 0.11. Plecewlse-llnear

curve fits b data that support tho existence of two distinct Rp reglnms for the

oceanographicboundary are presented in Ffg. 2 (Ref. 11).

m “

Pep Pr, Qb“

~
a4-

az-

o~ ; I I I 1 I
a

3*4 a g 7

Fig. 2. Flux ratfo vs RO pl~cewlse-linear
fits from exporlmentaldata.

The r,glme forRP ? 2 Is characttrizadby entrainmentacross the Interfacecaused

by wave motion and !ncraased transport area. For the region RO ~ 2, double

dlffus{veconvactlon predominato~. l~terfaces fn this regime are called dlffusfve

interfaces, Typfcally, :be int~rf~ces in SOlar ponds d?: 41$?usIv9 !nterfdces.
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~~ation (1) IS also obW ned by Turner (Ref. 12) and Linden and ShirWl iffe

(Ref. 8), both of wlwm assumed the eonditlon of marginal $~blllty (RP = 1) at -

the Iocatlon where the step change In salinity and temperatureoccur. Experlmntil .

data of Mamarino and Cald~ll (Ref. 6) and Crapper (Rer. 5) confirm the flux ratio

expres~ed by Eq. (1) for high heat flux (greater than what would be encounteredin

solar ponds) but indicate an Increasedratio for lower heat fluxes that is not

predicted from Eq. ( 1). Newell and Von Oriska (Ref. 13) and Newell (Ref. 14) have

obtained the same result for the range of heat flux typical to solar ponds.

Mancini, et al. (Ref. 15) and Lindberg and Haberstroh (Ref. 7) boti obtained

the relationship

which for the case of marginal stabilityat the Interface reduces

Eq. (1), Equation (2) indicates an increase in the flux ratio as

stabilltyratio at the Interface increases. We note that in most

ments, I well-definedInterfacewas visible, presumablycaused by

(2)

to the result of

the density-

of our experi-

a change in the

index of refraction. This evidence suggestsan overstable interface (% > 1) and

fromEq. (2), flux ratios are greater than Oil.

As discussedby Meyer (Ref. 16), because the heat flux in a solar pond is

determined to a large extent by the large thermal resistance of the thick diffusive

core, the small thermal resistancesacross the interracialboundary layers are not

important. Measurementof heat flux through oceanographicinterfaceswas performed

by Marmerlno and Caldwll, Linden and ShirtCliff,and Turner (Ref. 11). One ?esult

is notable, however. The usual representationof heat flux across an interface is

the ratio of the actual heat flux to that which ~uld occur across a thin, Imperme.

able plane placed at the sama location as tho interfacewhile maintaining the same

temperaturedifferenceacross It. Turner’s results Indicated that for R. j 2,

the Interracialheat

for this regime whan

constant fractionof

is used to tral!sport

machanlst?cboundary

Shirtcliff@.

flux is small~r than Its solid-planevalue. He con~ludes that

the stabilizingsalinitygradient impedes the flow of heat, a

the pottintialener~ rel~asedby the Interracialheat transport

salt upwards through the Interface. This result supports the

layer model of Lindberg and Haberstroh, and Linden and

-6-
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C. SWllity Issues

The Issue of stability In thamhaline colunm

inftfal linear gradients In salt and temperatureby

(Refs. 18 and 19)

that not only the

be satfsfled,but

was considered for the case of

Uelnberger (Ref. 171, Veronls

and Balnes and Gill (Ref. 20) $tablllty withfn the core rquires

condftion of static stabflf~,

the mre strfngent requfremer!tof @namf c stabf1fty,

(3)

(4)

must alsa be satfsffed there.

Instabflftfes fn the core caused by inffnftesfmal dfsturbances occur ffrst as

overstableoscf1latory motfons (wfrid-fnduced wave motion fn UCZ and thenaal expan-

sion effacts are tw examples of perturbatlons that cause 1nffnftesfmal dfstur.

bances). In a system where the temperatureand sallnfty are increasingdounitiard,

ff a fluid partfcle fs dfsplaced an Inffnftesfmaldfstance upward to a cooler,

less-salfne region, ft wfll lose heat and salt by dfffuslon. Because of the large

difference fn dfffusfvftfes,ft will cool rapfdly, become nmre dense and be driven

d~wnward by fts body force. Should vfscosf~ eff.~cmtsbe fnsufflclentto dlsslpate

the kfnetfc ener~ of thfs mtfon, the partfcle overshoots Its equilibriumposition

and Is dlrectti back upward. Thfs action can develop fnto a growing osclll~t!on

that leads to convection.

Stabllfty of the core fn the region of inclined side-wall boundaries has

recefvad little

nant be zero at

core are formed

up at the walls

attentfon In the past. In the thennohal1ne case, a salt gradient

tha impermeableside wall. Lateral densfty gradfents wlthfn the

nmr the walls that tend to drive the othe~fse stable core flufd

(Rof. 21) and outward toward the center of the core, A system of

fnterloavlng convectlng and nonconvectlng layers fs formed (Ref. 22). DIsturbances

frcsnthis motion cauld lead to the generation of 10LC1 convective cells wfthln the

dfffusivecore and, thus, reduce fts insulatingvalue by lncr”~sing the rate of

salt and heat transport upward.

.-,-



Oscillato~ motions within the

(Ref. 23) tio conjocturad that the

core have been

mtions result

,.

reported by Almanza and B~ant .

fra overstable oscillations

predictedfrcm double-diffusiveconvection theory. Ititernalwave mtion in the -

mixed zones at the interface%between the mixed zones and the dlffus?ve core in

small laboratory tanks was noted by Gri~r and Jones (Ref. 24). The origin of

this motion appears to result fra the intermittentrelease of pluses predicted by

themchanistic convective breakdown mdel described above. However, disturbances

did not affect the main body of the diffusive care because no convectionwas

&tected in it.

As discussedby Newell (Ref. 14), solar ponds operate at rather large values

of RP (>7), where RP is the same as defined for thin interfaces. RP defined

in this manner may not be sigr?ificantin salar ponds if nonlinear temperatureor

salinitygradients are present in the diffusive core because Eq. (4) shows that it

is the local gradients (not those averaged over the core] that control stability

and thus interfacemtion. Nonlinear salinity gradients in solar ponds and

ltioratoryexperimentsare consnonand have been reported by Nielsen (Refs. 25 and

26) and Zangrando and Green (Ref. 27).

The existence of nonllneargradients violates the quasi-equilibriumassumption

made in the study of the oceanographicinterface. In particular,a nonllnear

salinttygradient indicatesan imbalancebetween the rate of salt transport across

the interfacesby double-diffusiveconvection and that transportedthrough the core

by nmlecular diffusion.

face separatingtheLCZ

region becomes unstable

excess salt In tl~eLCZ,

cncroachnssntof t5e LCZ

In particular,if excess salt transport through the inter-

and the diffusivecore c~ntinues in time, the interface

and overtuns. The overturningmotion entrains some of the

restores stabilily to tiieinterface,and results in

upon the diffusivecore. In this case, the interface is no

longer in quasi-equilibrium,but is dynamic, The machariisticarguments presented

here are a first step in explainingthe reduced flux ratios at increasedheat

fluxes as reportedby Mannarino and Caldwell, Crappei (Ref. 5), Newell, and Newell

and Von Drlsica.Thus, fora dynamic interface,the entrainmentof excess salt

stored above the boundary layers into the growing LCZ in COMbfnatiQnwith the near-

constant rate of heat transportthrough the core causes a reduced ratio of the salt

flux to heat flux. This effect shouldbecome nnre pronouncedas the t~nperature

gradientwith its destabilizingeffect is Increased.

-a-



D. Models for

Models for the

posed by Berpan et

Integral❑ethods to

grath but neglects

Interface Motfon and Pond Perfonnancts

dynamic motfon of the interfaces fn solar ponds have been pro-

dl. (Ref. 28) and by Meyer (Ref. 16). The former employs

solve for the tunperaturedistributionand rates of mfxed-layer

the transport of salt across the interfacesand fts effect on

the reduced stability of the pond. The differencesbe~een predfcted results and

experfnwntaldata for salfnfty, temperature,and layer thicknesseswere 20-30%.

Meyer (Ref. 16) presents a nmerfcal model that uses empfrfcal flux-ratfos to .

predfct time-dependentsalfnfty and temperature,and fnterfacemotion. Prellmfnary

atteapts at validating the model showed good agreement between experimentaland

nunrfcal results. Meyer fncludedwfnd-drfven turbulententrafnmant fn the UCZ

based on the work of Crapper (Ref. 29) and Turner (Ref. 30). A study of the topfc

of wfnd-drfvenmfxlng in the UCZ In the absence of double diffusive convection at

the ct?re/UCZboundayy was presented by Atkfnson and Harleman

results fndfcateda possfble reduction In annual avcriigeLCZ

25%when wfnd-mfxlngeffects occur.

A nunwfcal model to predfct the dynamfc performanceof

was presentedby Cha, et al. (Ref. 32). Several analyses of

(Ref. 31?. Thefr

temperatureof about

the UCZ fn solar ponds

solar pond thermal

performancehave been performed based on stationary Interfaceboundaries -- notably

by Koof (Refs. 33 and 34], and by Hull (Ref. 35) for a pond whose bottom reflects

dfff~sely. Among the numerfcal models developed under the ascunptfon of stationary

Interfaceboundaries are those by Hull (Ref. 36), and Shah, et al. (Ref. 37); several

solar pond desfgn proceduresare fn thfs general category (Refs. 36 and 39). Me

nota that results fran models that consfder only thmnal behavfor may bo adequate

for snwilltime periods (say, a few days) over which little boundary-layermotion

occurs but not for large tfme periods over whfch sfgnfffcantboundary-layermotfon

may exfst.

The fssue af Interfacfalstab!llty fn large-scale solar ponds was addressed by

NewQll and Boekm (Ref. 40). Based on limfted experimentaldata they determineda

crfterfon for stable interfacesas

+3.99 X1O-3Y ●
(5)

-9-



Equation (5) Is expressed as the ratio of the salinity gradient to t!!aMperature -

gradient based on 1inear praffles of both.

Nfalsen (Rofs. 41 and 42) presented the crlterlon, b

9
p55x lo-3 ,
c

where ~ fs the temperaturegradient(“C/m)and ~ 1s the sal1alty gradient

(kg/m4). E@at+on (6) may be written in terms of theIdimensionlessflux ratio as

(5)

oc EFS

+
9 Q.J4 x 10-3 KS ~t -0”625 (f’cp)

0.375 ~a-$ -0.375
h

h
8

whereFh Is the heat flux (W/cm2). For 20% by weight NaCl at 60”C, Eq. (7a)

becanes

PC oF~

+ ■ 0.0163 Fh-0”375 .
h

(7a)

(7b)

It is In-resting to note that Nielsen’scriter~on requires e salinity gradient ~

about an order ofmagnftude larger than that of Eq. (4).

Nielsen and Rabl (Ref. 3) perfomd a theoreticalanalySiS M predict tie

threshold

Thqy also

‘+’

value of the dally heat absorbed in the LCZ necessary

deternrlnedthat the LCZWI1? shrink If th~ criterion

0.22 nGs

for LCZ growth.

(8)

Is satisfied. A canparlsonof the above stabilitycrlterl~ wfth the data from

the Los Alamos solar pond will be presented In the section, Results and

Discussion,

Remarch on gradient malntenance has been performedby Nlelsan (Refs, 26,

42 and 44), and by Nfelsen and Rabl (Ref. 43). They descrlb~ an inj~ction

prmedure th modlfl the sallntty gradlmt In the region of the interface to
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malntaln a thin UCZ while mlnlmizing th~ rati of LCZ encroachment on the

diffus{vecore. Annual rates of salt transport In tkelr fW 1-seala penalwere

masured at 10-20 kg/m2-y@ar.

E. Heat Extraction

Heat extraction from the LCZ and heat rejection to the UCZ in solar ponds

has been studied by Jalurla (Ref. 45), and Jaluria and ~ha (Ref. 46). Thalr

analyses Indicate that core entrainmentInto a forced flow In a mixed zone Is

characterizedby the value of tho overall Richardson ntier

h
Rlomg~&

Oln
(9)

where AO Is the density differencebetween the mixed zane and the Incoming ilow, ho

Is the mixed zone depth, and Um the characteristicv~loclty fn the mixed zone.

For Rio > 0.85 entralmnt of the cora Into the forcad flow Is negligible.

Tha experimentalresults of Zangrando and Green (Ref. 27) for heat axtr~ctlon

‘ In a Iarge laboratory tank show LCZ Interface erosion to ba grep,tlyIncreased at

reduced values of RB (deflfisdat the Interface)and for increasedaxtroctlon

velocftles,

F. Heat Loss to Ground

Th~ subject of ground conductivityand how It affects pond performancehas

recelvad littla attention. H$at and mass transfer through SOIIS Is a complicated

process that Includesthe e~fects ofmolacular conduction,latent heat transport by

prassurc-drlvm vapor flowo and smlbla heat transfer by the flowlng 1Iquld. Meyer

and Hedstrom (Ref. 47) show conductivity to be vtry sensitive both to molsturo (fGr

molstur~ contmts of 2S% and less) and to soil composition (higher concontratlonsof

sand vs. silt Increasa conduc’.’vlty).Leboouf and Johnson (Raf. 48) show signlf-

icanttffects of soil cmposltlon on tht avcrago annual LCZ tampcratureof a iargo

pond. Th~ Indlcata tho ne@d for nmre data on fundamentalthmnal-transport proper-

ties of sotls before heat and mass transfar In soils can be adequately predlctad.

Fundanmntal studies of the physics of haat and mass transfer In soils has lmn done

by deVrles (Ref. 49) and Ualker, et al. (Ref. 50).

-11-



111. HY~ESIS ANO DESCRIPTIOtiOF THE DYNAMIC PERFORMANCEMODEL

Tlw prlma~ thrust ot theLos Alamos research effort In solar ponds is toward

un~rstandlng the fluid dynamics and heat transfer within such ponds. To help

acccsnplishthis, a nmrical model was developed to solve thg one-dimensional,

tima-depen~nt diffusion oquatlons for salt and heat transport in the pond.

For heat transportwe have

The

tha

aT
[1

a k aT + q(x,t)
“pFE=x tz

- L(x,t) ,

For salt transport, the governing equation is

second term on tho right side of Eq. (11) is the Soret term; it accounts for

transportof salt attributableto a temperaturegradient. is the Soret% ~

(10)

(11)

diffusioncoefflcl~nt. We use values af the Soret coefficientgiven by Rothmeytr

(Ref. S1). In the dlffusive cor~, the molecular diffuslvity is used in Eqs. (10)

and (11), where~s an eddy dfffusivityts used If th~ region is convecting. The

value of the ●ddy dlffuslvitychosen is large enough to ensure complete mixing.

Salinitych mges caused by evaporationand precipitationare not Included in the

mdel at present.

Our hypothesis is that boundary-layerbehavior, such as that described in the

thao~ sectionof the raport, exists in ponds in the regions of the l~lterfacas

betwwn themlxed zones and the diffusfvecore. Me hypothdz~ that the bcunda~

layers above and below a diffusivecore are two halves of the thin interface layer

that occurs at the temperatureand sallnlty step of Interest to oceanographers.

Support for this conjecturecanes from the observations of plumes descending from

theLCZ bounda~ layer ragfon In our laboratory-tankslwlatlons of solar ponds

(Ref. 52 and Ffg. S). Furthenmre, we speculatethat the flux relations obtainad

across the thin fnterfaceof the oceanographicstudiesalso apply across a boundary

layer separatingthe mixed zon~s and the core in solar ponds.

Conalstant with tha above hypothesis,static and dynamic stabll Iti criteria

also apply, In our model, If Cqt (4) Is not satlsfiadin a portion of the diffuslvo

core, that portfon Is flagged as convecting and the app~~prlat;addy diffusivlty is

-12-



used. If Eq. (3) is not satisfled across a boundary botwm a convecting region

and the dfffu$ivocm, tha convectingregion mcroachm on tha core. The Interfaca

stabilitycriterion, Eq. (3), Is tlm sane as that assumed by Turner (Ref. 12) fn

his analysts of a stabla sallnl~ grad4ant hoatad fwn below.
As dfscussed by Meyer (Raf. 16), becausa tho major thmual roslstanca In tho

solar pond Is that associatedwfth *O diffusive cwe, d corrolatim, such as that
proposad by Mannarino and Calduel1 for tlw interfaclal heat flux drlwn by doubl.-

dlffuslw convection at tho lnterfac8s, Is not n-d. no h~at flux is calculated

frm the aixad-zona tamporatur~sand tlm cora thlcknass.

The salt flux across an intarfaco fs ralatad to the hmt flux by an cxprasston

of tho form,

*• f(Fh, ‘ (12)

whor,, in Iceeplngwith our hypothwls, tha right side Is thg same aaplrlcal ~,~rela-

tion that Is @btalned from flux meazuremits across a thin Interfaca.

Ma bclleve that Eq. (12) applles across the solar pond bcundary layers because In

the quasi-aqulllbrlm oceanoqraphlcstudies, tho flux ratio that Is valid across

the ontlre Intirfacamst be equally valld across aach std. ef the Interface and

across the dfffuslvacore separatlnqeach s{de. If this war. nfltso, the quasl-

oqulllbrluncondltlonwould ba violated. Wa dtlay furthar validation of this

hypothesis until th~ discussionof experlmafitalandcalculatad results,

Tho numerical~dol fnclud~s a system of cquatlons that accounts for wind-

drlvon ontralnmtnt. Nlnd-drivan entralnnnmtacts In conjunction wlt.h

double-dlffuslvaconvection at the boundary between theUCZ and the dlffualvecore,

Me correlate entrainmentof tho dlffuslva core with the effect of wind shear

by the ralation,

) . CIR1-n , (13)
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Whom Cl and n aro ampirical constant.sand V Is the frictionalvdoclty that fs

dfrectly proportionalto w+nd spmi. R1 IS the local Richardson n~m and Is

deflnad by

RI ●

(42*P x’
P

UhmaP~x 1s tha eanalty graalent In thodlffuslvo core at the locatlonwhwe

tho core and UCZ meet.

Uo proceed to daflna salt and heat fluxes caused by entralnmant from the

following:

Ft~ ■ -UepCpAT ,

(14)

(15a)

(15b)

ATand AO, are the changes In tnmperaturoand solute danslty acrosa the boundary.

Th@ fluxes from Eqs. (1S) are superimposedon those calculated from th effect

of doubla-dlffuslvecunvectlon alone. Thls assumptlon of separaie, addltlve contrl-

butlm fm both thi~double-dlffu~lvaeffect and themechanlcal turbulenceappears

to be justlfted by our observationsof the relatlvalyrare mlxlng evmts !n doubi

dlffuslve flows (Ref. 5) and $Wlar observationsby Turner (Rgf. 30) for

grid-gemrat~d turbulence.

The a~atlons fn the model are solved slmultanaouslyby f1rst wrltlng than I

their flnlte-differenceforms and then solving the rasultlng syatam of linear

e-

n

algebrmfc equationsby an ImplicitMhod. The mesh $1ze used In the flnlte dlffer-

ence achme was one centimeter.

A umre detailed descr{ptfonof the modal 1s given In Meyer (Ref. 16).
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‘ IV. Ascription OF EXPERIMENTS.

. To obtain a deapar understandingof tha fluid motion ‘n tha region of tha

bounda~ layers and withfn the mixed zones of solar ponds, wodeslgn~d, built, and

1nstrwnted tw laboratory tanks and a full-sizedoutdoor pond. Data from th~se

experimentswra also usd to initiate validation of tha dynamic perfonnancomadal.

A. Pond-Slwlation Tank Exporinmts.

Tha first phasa of our laboratory progran Involved tlw dovolopmantof a pond-

sinulationtank to obtain quan?ltatlveddti for code validation. Itconslsted of a

glass deuar, 29-cm f.d. and 75-cm deap with a bottua hoatar and a thamocloctrfcally

cwlcd haat axchangor on top to tstabllsh tho desired temperature gradlant. To

sfmulate a one-dlmonslonals@ctlon of a solar pond it Is n~ccssary to ❑lnlmlza

radial h~at loss. This was accompllshadby using a sarles of guard heat~rs lndapen-
dcntly controlled (by differential thcrmmcouplas)that maintained the outsldo wall

of the ~war at the same temperatureas th~ fluid wlthln. The outside surfaco of

tha guard h~ater assenblywas insulated with a minimum of 10 cm-thick polystyrana

insulation.

A rako supportingtw 100-ohm platlnumroslstance thmnometars (RTDs) and two

platinum point-conductivityprobas was used to measuro temperature and $allnlty.*

Tha RTJs wwo glass encapsulattd and had an outsldo dlamtor of 0.81mnto provide

near-poilitwisatmpwature maasuranwnt. RTDs wera choson for this

because of thelr groator saflsltlvltyand roliabllIty caapared with

tars. RTD rcsfstancoswere measured using a 4-wire potentlometrlc

high-lmpedencadigital voltamtw.

“Ihcpolnt-conductlvlty probe used In the txporlment doscrlbed

axporlfaant

othtr thmnome-

clrcult with a

har~ was devoloptd

_tLos Alamos becaus~ of tha need for accurate, high spattal rosolutlon, In situ

sallnltymeasurementsovor a broad sallnfty rang. (Rofs, 53, S4 and S51, A

schanatfcd+agraa of a pofnt conductivity prob. Is shown In Fig. 3. Basically, th

probe consists of a length of platlnumwlra O.51 m in dlamator oncastd In a

2-msn-o.d.glass tub. to Qxposo only tha tip of tho platlnumwlrc. This asssambly

● Inltlally,to datartino If any radial or CIrc~forcntlal tampcratu~egradl~nts
axlstad, we maasurad temperatureusing five RTDs squally spacad on a rakt havln

!tw horizontal,mitually porpcndlcularla s axttndlng radially to tho Inside wa 1
!of dwar, No slgnlflcanttamporaturavar at~ons worg found.
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fig. 3. Point-Conductlvlty probe schematic diagram.

fs covaredwlth an RTVfluorslllcono that 1s thm seal~d from Salt water Intrusion

by a l~ngth of shrink tubing. A splrsl-woundsecondaryelectrode of largo surface

area surroundstht platlman tip. Point-conductlvl~ m~asurements are obtained as a

small eloctrlccurrant flowsbet~en tho two olactrod-s. Tha currant density at

tho prob. tip Is much grsater than that at WC secondary @lectrode because of the

large differencein surface areas. The resulting @loctricalconductivitynmasurement

is, thus, mm heavily woightcd In tha rtglon of the tip than alsowhere.

13eforaus., thQ platlnumprobo tlp was first platinizad using a Beckman modal

PK-lA platlnlzingkit,* ?hc platlnizedcoating roducas the rata of deterioration

of tho exposed prob. tlp snd previdas more stablo and pracise conductivityreadings.

Durlng each oxparlmont,tha proba was calIhratad in situ by extractlng a

mlninum of four stmples fran tho tank. The sampleswere withdrawn using hypodmnic

nocdlesor stainless steal capflla~ tubes at the sama horizontal location as the

probe tip and at tho same tlom th~ conductivitywas measured. Th- specific gravity

of each smplo was then moasurod (after It cooled to room temperature)W a

Mohr-liestphalbalance accurate to LO .0001.

● Beckman InstrumentsInc., Cedtr Qrovm, New Jersey 07009.
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Tho rake supportingthe

drfvon through the tank at a

RTOS and point-conductivityprobes was automatically

prescribed tfm durfng th~ day at a rate of about

1 cm/udn. One travers~ per day was taken, but in situ calibrationwas perfo~d.—
only every three or four days b mfnlmize disturbing the layer by extractingand

rdnjoctfng samples of fluid. On tho days when cal1bration was porfomed, a salt

balance was calculated for the LCZ and UCZ between that day and the day of the last

calibration,and the average salt flux through tha Interfaces●stimated for that

pwid of tfmc. The heat flux was detemlned fraa the local slG@ of the tampwa-

ture profile. Oats was automatlcal1y Ukon by & HP 9830 cmputer and data acqulSt- ‘

tfon systm and stored on magnetfc tape for future roferencc.

B. Flow VisualizationExperiments

The second phase of our laboratory experimentalprogram consisted of flow-

vlsuallzatlonexperimentsaimed at a detailed understandingof the flow patterns

near the boundary layers. In addftion, we also obtained quantltatlv~tempera-

ture and salinl~ measurements to supplement those from the dawar experiments.

This study was carried out In a bottom-heatedplastlc tank of approximatedlmensloris

30cm x30cn x75cm-deep (Ref. 52). The s{dts and bottan ef the tank were Insulated.

Soct?ons of the side insulation were removable to perntftus to observe the flows

and to photographthem.

After searchfng for an appropriateflow-visualizationtechnique wherein we

considered shadow graphs, dyo markers (Ref. 561, and hydrogm bubblu, we decided

m using th~l blue as a fluid particle tracer (Ref. 57). Thymol blue Is a Ph

indicator,and solutionscontaining small concentrationsof It will change color

locally by the creation nf Ions In the region of a charged electrode. A grid

electrode (about 10-cm square), made up of flnc tungstenwir~s, was suspendedabout
1= balow tho LCZ tnterface for experlm.ntsperfod in the LC2 and imnedlately

abova the UCZ for oxpcrimentspcrformd tn that zona.

Toobtsln local salinity and temperaturedata, a point-conductivityprobe and

a tYP@T the~couplc (sdtably protactcd fra salt water attack) were installedat
theond of a long tubt that was manu&lly traversed through the tank. A serlas of

movabla oxtractlonports were Installed in me of the tank walls to accommodate

point probe calibration. Ourlng cxtractlon, the probe tlp and the extractor port

were allgned by using a cathetometer,
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C. Full-$tzed Exparlamtal Ml t-6radiuntSolar Pond

The primary purpose of our experimentalpond Is to pr~vide a mechanism for

full-scalevalldatlon,under controlledbut realistic condltlons,of our numerical

model. A detailed descriptionof the pond design and constructionis given In

Jones, et al. (Ref. 58) and Jonas and Meyer (Ref. 59) and only a brief suuma~ of

It Is given here.

A unique feature of the pond fs its ●xcavation not from sand or clay SOII, as

with other ponds, but from a lightweightporous rock known as “tuff”; such rock “

forms the the major fraction of the Los Alannx area surface geology. Tuff has

relativelysmall thmnal conductivity;which implies that little, If any,

insulationIs necessary to reduce perimeter heat losses. In addition, because

Is relativelystrong, It was possibla to build a pond with vertical sidewalls

minlmlze the problem of locallzed convection that could occur If the sidewalls

a

tuff

and

SIOped. Becausa of these features, the salt and heat transport In our pond was

expected to be truly one dimensional.

Tht constructionof thsi232 mz by 3.5m-deep pond was begun 1n October 1981.
After excavation,the pond walls wer~ covered with an 8-cm thick layer of polyure-

thane lnsul&tlon,nmtly to smooth the rock surface and prevent a possible liner

tear.A back-up lfnerof 0.5-m-thlck0 rolled-onHypalon (on the walls) and a

0.5-m-thick sheet of PVC (on the bottom) was Installedafter 15 cm of smooth

plastir sand was spread evenly on the rock floor. Another layar of sand covered

thePVC, in which we embedded four electric resistanceleak datectors. The main

liner was 1,2-nsn-thick flbtr glass-reinforcedHypalon Installed In three pieces and

joined In the field, To accommodates~ttllng,we delayed anchoring the edges of the

main liner In the ground until the pond was filled. $1x perimeter heat flux meters

were Installed In the tuff before beglnnlng insulationwork -- one In each wall and

tw fn the pond floor.

Instruaentatlon at the pond conslsts of an underwaterpyranomter (Eppley model

8-48) and traversingand fixed salinity-and temperature-measuring probes. The

traversingdevfce consl$ts ofa wheeled trolley driven verticallyby a w’

rate of 0.9 cm/mln. through the pond; the trolley rides on a rectangular

Installedofithe troll~y are M platinum RTDs, an Induction sallnometor

CEL-RAS7 with a R!S5 Indicator),end a platlnum point-conductivityprobe

re at a

rail,

(Beckman
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Typically, one traverse per day was run; @ach traverse provided temperatureand

sallnifydata at fncramnts of 0.8 cm. Th ffxed probe consists of a rake supporting”,,
28 ~pe-T theramcwplts and 28 sampla-fluid WIthdrawal ports 1ocated every 10 cm.

Tho ports pomlt In situ calibrationof the point probe installed on the traversing-—
trolloy. The Instrwmntatlon rak~s wre stabilizedby supports from a catwalk that

extendedover the pond frm one of its banks. The material of constructionwas 316

stainlesssteel naarly throughout. No welding was done on metals to be submrged

In tha pond and bendfng of materials used for cqonents that would be submergad

was dnimfzed to reduca the possibilityof acceleratedcorrosion.

The fnitlal gradfent of 120 an was establishedon August 4, 1982. The initial

LCZ andlICZ thicknassaswere 120cmand20 cm, respect’ivaly.Th~ pond began warming

rapidly with the W! fnitiallyat 25°C and 18.5Zsalfn11ty. Tha rate of temperatur~

~ncreaseIn the LCZwas 1.2°C/day for the first ninth of operation, decreasing to

0.25”C/day for the second mon+h.

At the end of the first week In $aptember,w b~gan to notice an abnormal drop

in the surface level of the pond and suspected a leak. A graph of the sallnity

profilesover th~ period wnen the laak began 1s shown in FIg. 4.

In Fig. 4WQ note the thlc’:nessof the core (gradientzone) Is the same for

August 31 and Septnmber 21, however Its locatlon Is about 13 cm ?ower on the later

day. Me see further evidence frmi inspectingFig. 5, where the depths of various

Isosallnltyplanes In the core ar- SEOWP as a function of time. In Fig. 5 there Is

a negative slope to all curves aftar September 1. He concluded that the leak was

In the LCZ, Subsequentcalculationsof salt Inventorieswithin the pond Indlcdtad

a leak rate of about 1.8 m3/day.

After cleanup of the excess salt on the bottom of the pond, removal of the

catwalk and baseplate, and cooling tha pond, two divers descended to Inspect the

llner In the LCZ regfon. They found a one-cm-long hole Ifithe crease of the llner

where the north wall and the floor meet. The tear was not In a seam He presume

that the taarwas caused by excessive stress during settling of the pond bottom and

we Indicatebelow two Independenteffects thet may have led to the high stress in

. the lint?. First, the combinationof hydrostaticpr~ssure and high temperatures

from large solar radlatlcn fntensltfeson the north wal1 caused the back-up and

nuln Hypalon “Ilr-rnto stick together. The needed slippage of the main liner was

thus preventedand large stresses at the bottom resulted. A slmllar stress tear

had occurred an the wett wall above th,twaterlfne sometimeafter the une In the LCZ

and was repalrtd. Sticking was wldent along that wall also. Second, because of
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the harsh envfro-nt inti filch the Hypalon llner was to be put, the

the 1Iner reccmasondedfiberglass reinforclng for addftional strength.

supplierof

Polyester is

tlw standard reinforcement. Fiberglass, hcwever, has very little ductility c~arod

with polyester. We bellava the lack of ductility in a region where It was needed

contributedto the tear.

After * at~ts, the divers repaired the leak by putting two hypalon patches

on it and using a ‘%minute” epoxy as a bonding agent. Sandbags were placed over

the repaired area as added insurance. Me amlved at the decision to use epoxy after

evaluatingthe results of mmerous underwater patching tests performed In the

laboratory.

Anther problam arose early in June 1983. For sme reason, gas began to seep

frm the rock beneath ‘de pond forcing the main liner upwards toward tne surfac~.

About a dozen gas bubbles under the liner were noted ov~r a 3-wek period. Their

heights ranged from several cm above the floor to one that forced the liner through

the surface of the pond. All of the large bubbles were reumved by pushing down on

them from above and pushing them tows’rda corner where a small ?ncislon in the liner
had been made on the bank. Theorlgin of the gas remains uncertain. A gas analysls

showed it to be nitrogen-richair possibly displaced from the porous tuf’fby unusu-

ally large mountain run-off earlfer in the year or from the air displaced by the

brine fra the liner leak 6 months earlfer. The appearance of the few smaller

bubbles that were left In the llner has not changed SInce the end of June 1983.

One unfortunateresult of the gas problem was another tear In the liner. It

again occumed at the base of the north wall. Rather than cooling the pond, we

attempted to patih the hole fra above water. A double-sided,tar-like tape

su~lled to us by L. Hittenberg of the Hound Facility, Miamisb”mg, Ohio, was
applied to the bottan of a stainless-steelplati. After cleaning the pond l~ner

fn the region of the tsar wfth steel wool, we lowered the plate onto the area,

tamped It intc place, and placed sandbags on top of it. The water level of the

pond stabflized after the patch was applled.
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V. RESULTS AND DISCUSSION

A. Flw Visualization- LaboratoryTank

Figure 6 shins a photographicsequenceof flow patterns Insnediatelybelow tne

Inturface separatingtheLCZ and the dlffusfvecore. Photographs were taken at 5

second Internals. Plums of cool, less $al@, dyed water are clearly visible as

they descend fran the fnterface. Patterns of this type were repeatedly observed
for the cases where the effects of bottom heating did not dfsturb the Interface.

A structure such as that shown in Fig. 6 agrees very well with the break-down

prwesses assured In the mechanistic mdel.

At large rates of bottcsmheating, the convection generated at the heating

plate directly influencesthe flow at the interfaceseparating the LCZ and the

core. The flow patterns Insnedfatelybelow this Interfaceunder the condition of

large bottom heating are shown in Fig. 7(b). Fig. 7(a), which shows fluid motion

below the Interfacewith no bottom heating, Is Included for comparison. lienote in

Ffg. 7(bl that the plume structure has been replaced by whisps of fluid being swept

away by the convective stirringwithin the LCZ. We believe this influencemay

cause an tncrease in the rate of salt transportthrough the boundary and result In

an increased flux ratio. The oceanographicmodel for the interface assumes that

the convectivemotions in the neighborhoodof the Interface are caused solely by

the effect of heat transport through the interface. Thus, interracialsalt and

heat transportcaused by convection arising from sources other than plume motion

are neglected In the model.

Quantitativemeasurementsd th thymol blue have provecidifficult. Ourlng
observationsmade with heat fluxes fn the range of 50 to 90 H/mZ, plume velocities
ranged between 0.1 and 0.2 cm/s. The average plums velocity appeared to Increase

with heat flu~; plunm spacing ranged from3 to 6 cm.

B, Dynamic Perfomance Code Validation

Our first attempt at validation

the experimentalresults obtained by

bottom-heated,solar-ponclslnailation

was to use the numerical model to reproduce

Purdue Unlverslty investlgatms (Ref. 60) in

experiment. Oetalls of the comparison are

.

-1

a

presented in Meyer (Ref. 16). Ffgures 8 and 9 compare our calculationswith

experimentaldata; agreement is good. Figure 8 Indicates that the model reproduced

the motion of the interfacesvery well during the time thu mixed zones were advancing

into th~ d+ffusive core. In Fig. 9, good agreement is also shown between the

calculated and Qxpertmentaltemperaturehistories in the mixed zones.

99 .
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.
(a)

(g)

Fig, 6. Flow patterns just below interface separating the diffusive
core and lower convective zone with small bottom heating,
Sequence was photographedat 5-second Intervals,
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(a)

(b)

fiig. 7, Flow pattern just below Interfaceseparating the
dlffuslvecore and lower convective zone (a) wltn
heater off and (b) ‘withneater ant
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Fig. 8. Layer posltions versus tlma.

‘k-+--l
PIg. 90 Convactlng zm tamporaturoversus tlm~.

To obtain a good match to tht oxporlmsnt abovo, It was ntcetsary to modlfy

Eq, (7b) to

PC oFS

+- 0,1455 Fh-0*13 ,
h=

(16)
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Equation (16) gives flux ratios larger than thos~ fromEq. (7b) but remainswithin

the rang. of Hanaarlno and Caldwell data and Los Alamos data yet to be presented.

He have used our wind-entraiment, double-dlffusivemodel [Eqs. (13) through

(15)] to cal culata the porfonnanceof the Miamisburg, Ohio, solw pond over a
3-snnth parlod. Details of the cuaparison are described in Meyer et al. (Ref. 52).

Thwo is some uncertain~ regarding the appropriatevalues of Cl and n in

Eq. (13). He tried tw sets of values in our calculations. The values of Cl ■

0.075 and n ■ 1 were obtained byliu (Ref. 61) and the values Cl = n ● 3/2 we

obtaind by Kit, et al. (Ref. 62). Obsarved and calculated interface positions as
a functionof tlma are shwn in Fig. 10. We note that tha calculationwith n ● 1

gives good agreementwith observationsfor the UCZ and LCZ; the use of n ● 3/2

underestimatesthe growth of the UCZ.

m ■

● oArA -Wna,bma

[

f. OououOiwvma 14LAamaolmran?w
— ~w~aumb~nom4. 00UUIOIWOIVO manoffo~rimo

zhl m
x ●

t -0 Imn-af IU,-81”9
Wa. m”

Fig. 10, Comparisonof the measured and calculated Interface
positions for tho Mlmlsburg solar pond.

The comelatingpar~ter In th. numerical mdel is the flux ratio, The

object, when cmparing the calculated results from the model with thou from our

axporhents, fs to calculate the flux ratio from experi~nttl data and, by using

this flux rstio in the code, attaapt to match theperfonnance observd in the

experiment,

lieobtain an expression for the time-avaragedsclt flux from

-.
(17)



,.

wharc F Is the mt instantan~oussalt flux (g/cm2-s) and Uf Is the

instantaneousboundary velocity (ctis).

Equation (17) may be Integratedov~r time from tl to ~ to obtain

or

(18)

In Eq. (18), theovorbar Indfcatas a time-averagedquantity andM~ Is the mass of

salt per unit of pond area.

Ufth

Eq, (18) becomes

a~ ‘%+~ (’%-“1)-‘%
‘sm. At

. (19)

?’honum.rater In ~q, ( 19) Is tho ,1 ff.r~nc~ In salt ~nvw!torle$ (per unit area)

In th mixed zonos at tlmas tl and t2, raspmtlvcly pluo n contribution from

tho product of th. tlma-avgragtid~nslty at thg lnttrfaeo and #Q dlstanca over

which the interfacoMOVQS fn tima At.

U. use’~q, (19) to calculate salt fluxes In our expwlments, The sallnlty

VSIUQS In tht mixed znna are obtalngd from the measured densltlos of tho extracted

stmplos. Th@ values of the heat fluxes art obtalmd fran tho local tmnp~raturo

gradlontsIn tho roglon of th~ ffitorfaceund~r consideration,
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Our Iargost sourco of error was In dctwwfning tha position of the fnterfaca.

Tho salinf~-profila data wore scatteredwhereas tho tamporature proffles wcm

smoth and rwnded In tha region of tlw Interface. Ma doflned the interfaceas the

Intersectfonof tho straight-lfnacxtonsion of tha temperatureprofile fn the coro

and the constant temperatureline of the mlxad zone. An error range in the flux

ratio arlsos frcm uncertaintiesIn the location of the Intarfaceand the value of

the temperaturegradient. Prop~rty data Is from Elwell, et al. (Ref. 63).

A cmparison of the data fran tho tank experimentswith calculations fs

presmted fnFfgs. 11-18. Tfme-dopendentLCZ salfcfty, temperature,fnterfaca

location,and UCZ salfnf~, and Interface locationare shown. Notable results are

sunmerfzedfn7able I. The duratfon of the ●xporfnmts ranged from 12 to 22 days,

and heat fluxes ranged frun8.8 to 61.2 Wm2. Included on each ffgure are tho

heat flux and the dimensionlessflux ratfo used fn themodol to produce the

calculated results as shown. Me note that In all casas, the heat flux and flux

ratio used fn the mdel fall wfthin the error range of the tank data. Me further

nota that good agreementbetween the calculated and axporlmentalresults Is

obtafned by using these valuas.

The anomalous behavior of the LCZ temperaturehfstory in Fig. 16 occurrad

when, fn error, we accidentallyfncreasod the rata of bottun heating slightly on

the twelfth day of the exp~rfment. The dfscontfnuftyIn heating was fncluded 8s

fnput to the model for thfs caso and froinFig. 16, we note that the model predfcts

the correct temperatureseven after the suddan change of heatfng rate occurred.

Frm the results pres~ntad fn Ffgs. 11-18, and the good agreement observed

between calculated and predfctad results, ft appears that the model contafns the

featuresnecessary to predfet tfme-dopondentsalfnlty, temperature,and motfon of

thomfxad layers.

C. SOUR POND

n

RESULTS

The 232-m’ solar pond was operatod

or gradfentmaintenance) for the period

purpo$a of the experiment was to obtafn

fn a run-downmode (no heat extractfon

frcxnJune 1 to August 18, 1983, The prlmav

flux-ratfo data for a ful1-sfzad pond and

canpare thm with those dati obtained fran the small-scalelaboratoryexperiments.

Because the exporfment was not funded,nmdel validationwould be done only ff

sufflcfonttfme could be spared from othar projocts,or ff personal tfme could be

found,

-28”
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Fig. 11. c~mlson of obsorvod and calculated results for laboratory
tank oxpwlmant number 1. Z _ halght of boundary layer abovg
pond bottom, FI+■ fhhcpo
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F19. 12. Canparlson of obsarvad and calculated rasults for laboratory
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Ffg. 13. Comparison of observed andcalculatod results for laboratory
tank cxparlmant number 2. Z ■ height of boundary layer above
pond bottom. FH ● Fh/~Cpc
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bottom. FH = f#pCP.
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Fig. 15, Comparison of observed and calculated results for laboratory
tank ●xpwiment numb~r 3. Z = height of boundary layer above
pond

Fig, 16. Comparison of observed and calculated results for laboratory
tank exporlment number 3. 2 ■ hefght of boundary layer above
pond bottom, FH ■ Fh/ocp.
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7he pond had to b~ cooled in preparationfor the experlnusnt;as of $lay1, 1983, ‘

the LCZtemperaturehad risen to 55*C. The re-installationof the catwalk and

Instrwmntation (after the leak problems),instrumentcalibration,and other
1

preparationsdelayed the start of the experiment.
Tha pond was cooled by W llquid/airheat exchangers, each with a rated

capaci~ of about 30 kU. Pond temperatureproffles for the beginning, middle and
end of May, 1983 and the beginning

for the cooling laop, located near

PVC pipe, 7.6cm in diameter. The

consistingof two circular acrylic

7-nmIdeep.

of~une are shown in Fig. 19. The suction port

the pond bottom, consisted of a round piece of

discharge to the LCZ was through a diffuser

plates, 1 m in diameterwith a gap between them

For the first half of May, the d!ffuser positionwas about 40 cm above the

pond floor; the temperatureof the pond fortlay 15 Is shown in Fig, 19. After

May 15, we moved the diffuser upward to about 70 cm to involve more of the LCZ in

thecoolfng; note in Fig. 19 that the temperatureproffle on Flay31 reflects this

change. The rate of heat extraction from the pond varied from 18 to 38 kkiduring

this perfod. The mean velocity fr~ the diffuser was about 0.2 m/s. The tempera-

ture differencebetwen the Inlet port and outlet diffuser in the LCZ varied frm 5

to ll”C. No measurableboundary erosion occurred although the overall Richardson

number (Rio defined by Eq. (9)), based on dfffuser velocity and distance from

dfffusar & fnterface,ranged fromO.2 toO.95.

SOLRR PONO
TEHPERRTURE VS DEPTH

0 20 40 60 60 100 120 1~0 160 180 200 22Q 240

OISTRNCC ~ROrIEOT70H 13~PONO, cfl

fig. 19, TemperatureProfiles of Solar Pond For Four
Days Before Beginning Run-Ooun Experiment,
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Fras Fig. 19, ~ also note that between points A and 8 the pond is stabilized

by tamp@rature, this being a ragion of unifom salinity. From point B to th~ ucz

boundary, the pond fs sal1nity stabilized.

for salt transportbetwesn point A md the

ness of the diffusive core {gradient zone)

temperature p?mfiles for May 1 andJun@ 6.

B-ause diffusion is the only mechanism

UCZ boundary, an increase in the thick-

results, as shown by a comparison of the

Unfortunately,the heat exchangerswere unable to co~eto with the coabinati~n

of dafly heat gafn in the pond and the stored heat. They were capable of reducfng

the temperatureonly to about 36.5-C at the bottom of the pond.

On Junol, as detected in fig. 19, tho top 30 cm of the UCZ was remved and

replaced with fresh water to prepare for the run-down exparimnt. The t~p~rature

profiles fn th~ UCZ show this activity. It appears that some erosion of the core

occurred during this’operation.

Saltwater samples were extracted on four days during the run-down for in situ.—
calibrationof the conductivity probe, Temperature and salinity profiles in the

pond for the days on which the samples were extracted are shown In Figs. 20 and 21,

respectively. Salfnl~ was measured by the point-conductivityprobe calibrated on

the days shmo! in the ffgures; temperaturewas ~asurti with an RTD, On the first

,,.,,,!
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- - - - - - -- -“’~

—“------

\
\ “,
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DISTRNCC f~OH BOTTOM Or PONO, CR

Fig, 20, Temperatur~Profiles In Pond Ourlng Run-down Experiment.
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day of extraction,the ~nitial temperatureand sallnity of the LCZwere 65.1’c and “

18.1% respectively. The S-shaped salinity profiles indic~te an Inbalancebetween

the salt transportrate through the interfacesand the rate of salt diffusion

through the core. This behavior persisted until near the end of the experiment,at

which time very large rates of salt transport through the core existed.

Fluctuationsnoted in the salinity profiles in theLCZ (Fig. 21) are not

believed to be real, but to be caused by a deterioratingplatinum coating on the

point-conductivityprobe tip. Fortunately, the salinity values for the LCZ used in

the salt flux calculationsare fran extracted samples and not from probe readings.

.

SOLRR POND
SRLINITY W DEPTH

241 1

. . . . . . . .
---
-.—-

\ -’,- L,.—,.

0 20 40 6@ ~0 100 120 140 160 180 200 220 ?40

DJSTRNCE rROM SOTTOH Or PCJNO, GM

fig. 21. SalinltyProfiles In Pond During Run-Down Experiment.

Flux ratios and other pertinent results from the run-down exp~rimnt are pre-

scnt~ in Tabla II. The htat flux at a boundary layer batwoen a mixed zono and the

dlffuslvtcore was corrected for volumetric heating. This correctionwas small,

however, because the temperatureand salinity data were obtained during hours close

to sunset.
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Frm the results presented in Table II, we first note that the rate of run-down

was rapid: on the average about 1 cm/day was lest from the core. This iSmO~

obviousby InspectingFfg. 22 where the Interface locationsare shown over the

durationof the experiment. W artived at one possible explanationfor the rapid
*

run-downby consideringthe relatively small values of the overall density-stability

ratios shown in Table II. Newell (Ref. 14) Indicates that the operationallimit of
solar ponds conesponds to an RP value of about 7 to 8. Because RP & 5 for most

of tha axperlment,based on thfs crlterlon,the salln+ty gradient was not large

enough to support the temperaturegradient and a raptd run-down transpired.

A graph of the temperature In the LCZ durlng run-down 1s shown 1n Fig. 23. In

the beglnnlngof June, the rate of wawp was about l.l”C/day with a core thickness

of about 70 cm. He note the rate of temperaturedecrease U be about three times

thfs value for the end of the experimentwhen the core thfcknesswas only about

20 cm.

The average salt flux from the LCZ over the first 23 days of the experiment

was about 76 kg/m2.year,and for the second 18 days ft was about twice that

amount. The smaller number fs about 3-1/2 tfmes the maxfmun measured value for

thfs phenownon cfted by Nfelsen and Rabl (Ref. 43). Thfs result fs partly

F!q, 22

SOLRR POND
INTCRFRCE POSITIONS

Ub

JUNE I JULY I WGUST

. Locations of the LCZ (l), UCZ (u) Interfacesand the surface.
locatlon (s) In the pond during a run-~own experiment.
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explalncdby eur measured flux ratios that are Iai”:erthan Nltlsen’s (Ref. 42) (sea

discussionbelow). Also, the heat fluxes through tho Iatorfacesover the coursa of

therm-down experimentwere larger than for a pond optrated In a quasi-stea& redo.

The larger heat fluxes then glv~ rise to largar stlt fluxes as indicatedby

Eq. (12).

The conslstantlylarger values of thcUCZ interface velocity compared with that

at theLCZ, as so,n In Table 11, may indicata that a leak #tIll exists In tha liner

at tho bottom of the pond. A comparisonof ●vaporatlonrates measurad for the ovap-

oratlon pond with thoso In th main pond showed a discrepancyof about 0.4 cm/day

over the duration of tho axpcrlment. Because of the difference In pond size and

bottm roflectlvitywc suspect this valuo to be high and tha leak rate to b. about

0.2 Cm/day. Fortunately,because tho total Iaakage ovar any Inventory period Is

only a small fractionof the volum of theLCZ (< S%) the affect of a possibla leak

on the salt flux and flux ratio at the LCZ Interface Is small, Tho effect of a

possible leak has been accounted for In the ●rror range for tho flux ratios shown

In Table II.

@e
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Fig. 23. Temperatureof LCZ during the solar pond run-down.
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Figuro 24 sh~s the dinnslonl,osssalt-to-heat flux ratio with error range as

a functl~ of heat flux for our laboratoryand pond exporlments. He hav~ also .

1ncluded In tho flgura results from Broughton (Ref. 64) and Marmorino and Caldwel1

(Ref. 6). Me have exprass~d Nielsen’s (Ref. 42) correlation in a form comparable

with the Manmrfno and Caldwell results and plottad ft as a solld curve. In addi-

tion, tho correlati~ used by Meyer [Ref. 16 and Eq. (16)] to match the predictions

frm his numericalmdol to the Purdue data is shan as a dotted curv~. For the

Los Alamos data, tha partially shaded boxes refer to the results obtained for thQ

LCZ Intirfaceand the unshaded boxes refer to the UCZ-interfaceresults. Fraa “

inspectionof Fig, 24, we believe the relatively good

jecture that the same physical phenomenaare present ‘

and solar ponds. Although the data Is scattered, the

ratio at larger heat fluxes Is perceptible. In addlt’

agreement supports our con-

n both thermohallnecolumns

trend Wward a smaller flux

on, we note that the Nielsen

correlation to solar pond data bounds our results from below. We furthar note the

Meyer correlationto be In wch better agreement with the data than the Nielsen

correlationIn the moderate-to-largeheat flux range. The relativelygood agr,ement

between the flux ratios for the laboratory tank experimentsand thos~ from the pond

Indicatesthat the effects of convect~ve mlxlllgfrun bottan heating on salt trans-

port through theLCZ bounda~ may not be as slgnl,flcantas originally thought, More

flux-ratfodata for large ponds are needed to answer this question.

HIATPLUX{CAL an”~t”l)

le @

t: ~ ‘
@

1 I I I I 1 1 1 1 I t I II 1 1 1
I I 1 I I 1 I I , ( I I 1 I I 1 I
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f~g, 24, Dimensionlesssalt-to-heatflux versus heat flux
for pond experimentand 1aboratory tank tests.

-&n.



40 t

30

20

10

e

I
-10

t

.

-20 I JUNC I JULY I RUGUST i

Fig. 2S. Energy flows In solar pond. Period of
axparlmant,Jun@ 22 through August 18.

It Is 1nterastlng to compare the r~sults from the run-down .xp@rlm@nt WIth tho

crltorla for stablo Interfacesproposod by Nlelsan and Rabl (Ref. 40) and Nawll

and80@hm (Ref. 43), From our data wc obtaln a tlnw-averagedratio of the dlffar-

tnco In salinltyto the dffforonco in tamporaturabotwem thQ mixed zonos,of

0.343V°C, Based on this rasult, Eq, (5) pradlcts that tho Intorfacos In tho pond

art stablewh~reas a rapid run-down actually occurr,d. The oxpresslon0,22

d
aG aGt, averagedIn tlma, is about 90 based on our data. Eq. (8) pradlcts a

shrinkingof tha mixti layers for this valw although tho actual bohavlor was qulto

dlffmnt.

From those mul ts, it appears tha raglma of conditions oxlstlng In our pond

during run-downwas quit. dlfforont from the ones on which the stabillty crltwli

-re basad. Mm th~orotlcaland oxperlmentalwrk must be done boforo w. ar~ ebl.

to develop accurate stablll~ crltarla for Intarfacat In solar pondg,

A bar graph of daily energy flows In the solar pond Is shown In Fig. 25.
through the and of the run-down axperlmcnt. Frm thase results, the avmago pond

cfflclmq ovtr this pcrlod fs sllghtly greater than 20X, Ylrtually no mrgy

stor~go occurrad {n the pond after tho mlddlc of July b~causa of the rap~d thlnnlng

of tha cor~ after that time, A tabulationof th, dally anorgy flows Is pr,stnttd

In Ttblc III, Sytiolt ar~ doflnad fn Tablo lY,
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JDAY -

DATE -

w-

QAM’ .

QSNCZ -

QSLCZ -

QssANo-

QSTOT -

QTOP -

QSIDE -

QBOT -

QUNB -

Ew -

7A -

T-UCZ -

T-NCZ -

T-LCZ -

TABLE IV

OESCRIPTI@lW TERMSIN TABLE 111

Julian Day

Year, Month, 0~

Int@gratad dally solar radiation measured wfth Pyranomet@r.

Not solar radiatton absorbad after shadfng and bot~ refloctlon “
factors. Shading fuctorswrc calculated wfth hourly solar anglas.
But- raflactlon factor nacossary to obtafn an anor~ balanco was
0.91.

EMr
Y

stored In non-eonv tlng zona. Calculated wfth (danslty x
38 w fic heat ● 3.97S W ) x ZOIIIOdepth x zono tamporature daily

[c ango.

En@r sto d in lower-convectingzono. (Donslty x spsclflc haat _
3.89~N/u$) and abovt equatlon. Zona dapth ● 110 cm.

Ener storad In bottan sand layer, (donsltyx spoclflc htat = 1,21
t4J/m$!.Sand depth ● 25.4 cm.

Total anoigy storage.Sun of above 3 terms.

Heat 10SS back to ambient through top surface of pond. Calcu-
lated with actual UCZ thfcknesswith dafly averaga t~oratura
dlfforenca and K ● 0.6 M/mK.

Heat loss through sfdes of pond. Calculated w~th average tempera-
ture dlffarence of 4 sats of sfde maasuremants at O and 46 c!ndapth
In& earth. K asmned to ba 0.5 H/m K.

Heat loss at bottom of pond. Calculated with average temperature
dffferancoof2 gets of measuramants at O and 46 cm da~ths,
A assumed to b. 0,85 U/m K.

Dally energy unbalance.QABS-QSTOT-QTOP-QSIDE-Q80T,

Ratio of storad enorw (QSTOT) and total horizontal
(QH).

Average dal1y

Average daf1y

Average dafIy

Avwaga dally

ambfent tamperaturo.

upper convectingzone temperature,

non-convactlngzona temperature,

Iowtr-convactfngzone tamparature.

solar energy
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CONCLUSIONSAND RECOht4ENDATIONSFOR FUTURE RESEARCN 3

A m.-diwnsional ~del has bsan developed that Is capable af accuratelypre-

dicting tfme-dependant,mixed-zone temperature,salinity,and Interfacemotion.

Theeorrelatlng paramter in the model Is the dimensionlesssalt-flux-to-heat-

flux ratio (flux ratio) as a function of Interfaclalheat flux. In our experiments,

w have obtained 12 valuas of the flux ratio for heat fluxes ranging from 8 to

1~ W/~. Hrnvor, mly 4 of the 12 pof nts were obtalned from a large pond.

More dynamic performance dati for largo ponds are needed to (1) compare with new

theoreticalresults, (2) completemodel valldatlon,and (3) answr the Important

quastlonof salt replenishment. More data on heat extraction and rejection in

actual solar ponds are required to validate the results obtained In laboratory

experiments.

The Issue of ground loss and Its effect on pond performancerequires additional

attantlon. A study should be done to determine the effect of ground loss on the

overall Impact of ponds by considering that future pond sites are restricted to

those areas where subsurfacecondltlons permit them to operate efflclently,

Problems continue to exlstwlth pond llnars (Ref. 66), mthods to determine

leak location and In SItu repair WIthout dlsturbfng the pond. Divers are not the

answer. Research ~=physlcal processes occurring at the boundaries of a llner-

less pond should be Inltlated.

The area of fnstrunentationrequires attentfon. In particular,there Is a

naed for rellable Instrumentatlofito accuratelymeasure fluid speclflc gravity~
-4situ dth a spatial resolutionof 0.1 m and smaller, Accuracy should be 10 or

~tir. titfeel that such an 1nstrumentCOU1d be devtloped (Ref. 55). Its measure-

ments muld provide data to answer many questionson the fluid dynamics In the

Insnedlatenolghborhoodof a mixed zonetcore Interface,such as the fntormlttant

entraf&nt of a dynamic boundary layer,

Some camrclal 1y available fnstruments should be Improved. The Beckman

inductionsallnometerInstalledat the pond failed just before beglnnfng our

run-down expoi”lment.Salt water intrusion In the cell was blamed but not proved,

Porformsnceof the Eppley 8-48 undemater pyranometerat the pond Is suspect bacausa

of condensation(or salt water) on the Insfde of the globe and salt-waterattack on

theoutsldg of the glob. that caused scratches.
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r VII . DISPOSITIONOF EXPERIMENTALEQUIPMENT

Both tanks and associated hardware are still intact and my be used again

without much preparation. The data-acquisitionsystem for the dewar experiment

Is on permanentlow to another group in the laboratory, It will be dffficult to

rotrlev~ft.

The pond needs work. If there Is a leak in the liner, we suggest that a new

lfner be fnstall~d on top of the old one, whfch could ffrst be patched and used as

a back-up. More salt fs needed. Both the underwater pyranometu and the Beckman

salfnometerneed repair. Other fnstrum~ntatfonat the pond remains fntact. The

data-acqulsftlon system was removed from the pond sfte but is still avallable ff

nwded. Th6 traversingmechanfsm should be modlffed to elfmlnata a stickfng

probiem,
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Nomenclature

‘j

F,

‘h
9

‘t
L

se

T
p

t

u,

x
a

‘t
K

#
v

o

‘s

Sp@Ci flc heat (J/g-”C)

depth of upper convecting z3ne (cm)

salt flux (g/cm2-s)

heat flux (Wm2 )

accelaratian of gravity (cm/s2)

thermal conductivlty (U/cm-”C)

emrgy extracted at depth of x (Wcm3)

solar energy absorbed at aepth x

density-stabilityratio

salinity {A%)

fnltlal sallnity (wt. %)

tsmperatum (’Cl

time at which thermal boundary layer becanes unstable (s)

tlm. (s)

●nwainment velocity (cm/s)

vwtlcal coordinatem~asured from pond bottom (cm)

co~fflclentof thermal expansion (“C-l)

sal1nlty expansion coefficient (cm3/g)

(Jthermal dlffustvlty cm2/

salt dlffuslvity (cm*/s)

kinematic VISCOSIty (cm*/s)

fluid density (g/cm3)

solute donslty (g/cm3)
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