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SOLAR POND RESEARCH AT THE LOS ALAMOS WATIONAL LABORATORY

by

G. F. Jones, K. A. Meyer, and J. C. Hedstrom
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

and

D. P. Grimmer
New Mexizo Solar Energy Institute
Las Cruces, New Mexico 88003

ABSTRACT

A description of solar pond research at Los Alamos National
Laboratory 1s presented. The main issues in the theory of solar
ponds are discussed. Among these are the interfacial-boundary-
layer model, models for intcrface metion and pond performance,
heat extraction, and ground heat loss. The core of the research
effort at Los Alamos was the development of a one-dimensional
computer program to accurately predict dynamic performance of a
solar pond. The computer model aid the experiments that were
designed and performed to validate it are described. The experi-
ments in¢clude two laboratory tanks wherein temperaturg, salinity,
and flow visualization data were obtained and a 232 outdoor
solar pond. Results from preliminary validaticn show gond agree-
ment between the pond's predicted dynamic behavior and that which
actually occurred in the experiuents. More validation using data
from full-sized solar ponds is needed. A new correlation for the
ratio of interfacial salt-flux to heat-rlux 1s proposed,
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which agrees well with our data. Recommendations for future
research are given.
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1. PROGRAM DESCRIPTION

The objective of the solar pond research program at Los Alamos was to obtain a
thorough understanding of pond fluid dynamics. To this end, a coordinated experi-
mental, analytical, and numerical program was planned. At the heart of the program
was the development of a one-dimensional computer model capable of accurately
predicting time-dependent solar pond temperatures, salinities, and interface motion.

When the program began, a major unsolved problem in salt-gradient solar ponds
was the lack of a basic understanding of the mechan{sas by which the various layer
boundaries move and how to control them. 7vo obtain a better understanding of layer
motion, a series of flow-visualization experiments was conceived and performed.

Two laboratory experiments and a full-scale outdoor solar pond were designed and
built to provide quantitative data by which we could validats the model and enhance
our understanding of pond dynamic behavior.

11, THE THEORY OF SOLAR PONDS
A. Interfacial Boundary Layer Model

The effectiveness of a soiar pond {s determined to a large ertent by the
thickness of the layers. The upper ccnvecting zone (UCZ) absorbs solar radfation
(Refs. 1, 2, and 3) but contributes ro resistance to heat 12ss from the warm lower
convective zone (LCZ); 1t {s, therefore, desirable to minimize its thickness. The
diffusive core (gradient zone) provides the pond's insulation, and reductions in
{ts thickness below an optimal value will result in increased heat-loss rates. The
thickness of the LCZ determines the amount of energy storage in the pond.

It 1s generally recognized that the bcundaries separating the mixed (convective)
zones and the diffusive core are not stationary, but move in response to forces
acting on them, For reasons that are explained below, when there is an {inoalance
between the effects of convective stirring in the mixed zones and the diffusive
flux of salt and heat through the cors, the mixed zones can encroach upon the ccre,
reducing its thickness and decreasing pond performance. The motions described here
occur even though the diffusive core {tself {is hydrodynamically stable.

The physical process that governs interfacial motion in the region of the
boundary between the LCZ and core in solar ponds {s double-diffusive convection,
This process also occurs at the intarface separating the UCZ and the core, but may
not be the major process in action. There, 1n addition to the effacts of double-



diffusive convaction, we encounter wind-induced convection and turbulence and
effects caused by diurnal heating and cooling resulting in entraimment of the UCZ
fnto the diffusive core.

Double-diffusive convection may occur in any fluid with the following
characteristics: the fluid is composed of at least two species with different
molecuiar diffusivities; and the species wake opposing contributions to density.
Here, the ratio of the thermal diffusivity to salt diffusivity is about 80. A good
overview of ongoing research in the area of double-diffusive convection is presented
by Huppert and Turner (Ref. 4).

The oceanographic community has done extensive work in the area of double-
di7fusive convection in thermohaline systems. Instead of the three-zone system of
interest to solar pond researchers, the system studied by oceanographirs consists
of two convective zones separated by an interface across which exist step changes
in salinfty and temperature. The interface varies in thickness from a few
millimeters to about five centimeters (Refs. 5 and 6). Thicker {nterfaces exhibit
a nonconvecting core (in which molecular diffusion dominates) separated from
convecting zones by regions of intermittent turbulent fluctuations. We regard
these fluctuating regions as interface-~boundary layers. Researchers have obtafned
empirical relations for fluxes of salt and heat through the interface as a function
of the salinity and temperature sieps across the interface.

A simple mechanistic model of the interfacial boundary layers of interest to
oceanographers in which salt and heat transport are driven by thermally induced
convection has beer proposed independentiy by Lindberg and Haberstroh (Ref. 7) and
Linden and Skirtcliffe (Ref. 8). The model assumes the simultaneous growth of a
thermal boundary layer and a salinity boundary layer from a sharp interface
(separating the intermittently turbulent LCZ and the diffusive core) into the LCZ.
The steps of the model are dep’cted in Fig. 1. As time {ncreases from zero, the
thermal -boundary layer outdistances the salinity-boundary layer because the molec-
ular diffusivity for heat is greate:' then that for salt. The growth of the
boundary layers into the LCZ at time at {s shown in Fig. 1. The density distri-
bution within most of the thermal layer {s unstable, and at some thickness ax
occurring at time t*, the layer will break down and release a buoyant element.
Subsequent turbulent mixing caused by this phenomenon restores local uniformity to
the LCZ and the process of boundary-layer growth and breakdown continues in a
neriodic manner. The released element, which 1s called a plume or “thermal"

(Ref, 9), is cooler and less salty than the bulk of the LCZ and gives rise to the



turbylent mizing within the LCZ. Ouring the boundary-layer growth part of the
process, as the boundary layers thicken, mass and energy conservation require that
salt and heat pass into the diffusive core where they are transported upwards'by
diffusion. If we assume complete mixing of both boundary layers into the LCZ at
the time of layer breatdown (Ref. 10), the ratio of the increase in potential energy
of the system (caused by an increase in the elevation of salt mass) to the thermal
enerqgy transported through the interface may be estimated. This leads to a unique
ratio of salt flux to heat flux (flux ratio). Oceanographic-model predictions of
this ratio are in relatively good agreement with laboratory-measured values. The
flux ratio is very important for two reasons: 1{t plays a major role in predicting
pond laycr migration; 1t is also the correlating parameter used in the dynamic
performance model described in th’'s report.
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Fig. 1. Boundary layer model of double-diffusive
convection of salt and heat,

B. Flux Ratio at a Boundary
Paramount among the assumptions made in the study of Ehe oceanaographi¢ inter-

face {s that of quasi-equilfbrium; at any {nstant in time, the properties of
convection are the same that would be abserved {n steady state with the same val.ues



of the flow parameters present at that time, Salt and heat storage effects in the
interface regions and the core are thus neglected.

Turner (Ref. 11) has shown, through the use of dimensional arguments, that the
flux ratio depends only on a quantity defined as the density-stability ratio, Rp,
where

R o 84S
o ° asl ’
where aS and aT are the step changes in salinity and temperature, respectively
across the boundary. In particular, for RD < 2, experimental evidence shows that

the flux ratio decreases sharply with increasing Rp and for R° > 2, the ratio
is a constant equal to

1/2
f%i‘- ] ('ii) : (1)
h e

where, for thermohaline systems, the right side {s about 0.11. Piecewise-1inear
curve fits to data that support the existence of two distinct Rp regines for the
oceanographic boundary are presenteu in Fig. 2 (Ref. 11).
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Fig. 2. Flux ratio vs Rp plecewise-1inear
fits from experimental data.

The regime for Ro < 2 {s characterized by entrainment across the interface caused
by wave motion and increased transport area, For the region Rp 5 2, double

di ffusive convection predominates. Inierfaces in this regime are called diffusive
interfaces. Typfcally, %he inturfaces in solar ponds arc d4f ffusive interfaces.



Equation (1) 1s also obtained by Turner (Ref. 12) and Linden and Shirtcliffe
(Ref. 8), both of whom assumed the condition of marginal stability (Rp =1) at
the location where the step change in salinity and temperature occur. Experimental
data of Marmarino and Caldwell (Ref. 6) and Crapper (Rer. 5) confirm the flux ratifo
expressed by Eq. (1) for high heat flux (greater than what would be encountered in
solar ponds) but indicate an increased ratio for lower heat fluxes that is not
predicted from Eq. (1). Newell and Von Driska (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 ).indberg and Haberstroh (Ref. 7) both obtained
the relationship

1/2
ocEst . (us) . (K_s . (2)
h Ty interface 'ct :

which for the case of marginal stability at the interface reduces to the result of
€q. (1), Equation (2) indicates an increase in the flux ratio as the density-
stability ratio at the interface increases. We note that in most of our experi-
ments, 1 well-defined interface was visible, presumably caused by a change in the
index of refraction. This evidence suggests an overstable interface (Ro > 1) and
from Eq. (2), flux ratios are greater than 0.il.

As discussed by 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 resistances across the interfacial boundary layers are not
important. Measurement of heat flux through oceanographi¢ {nterfaces was performed
by Marmarino and Caldwell, Linden and Shirtc1iff, and Turner (Ref. 1l1). One result
1s notable, however, The usual representation of heat flux across an interface is
the ratio of the actual heat flux to that which ~ould occur across a thin, imperme-
able plane placed at the same location as the interface while maintaining the same
temperature difference across it. Turner's results indicated that for Rp > 2,
the interfacial heat flux {s smaller than {its solid-plane value. He concludes that
for this regime when the stabilizing salinity gradient impedes the fiow of heat, a
constant fraction of the potential energy released by the interfacial heat transport
fs used to transport salt upwards through the interface. This resul: supports the
mechanistic boundary layer model of Lindberg and Haberstroh, and Linden and
Shirtcliffe.



C. Stability Issues

The 1ssue of stabi1ity in thermohaline columns was considered for the case of
initial linear gradients in salt and temperature by Weinberger (Ref. 17), Veronis
(Refs. 18 and 19) and Baines and G111 (Ref. 20) Stability within the core requires
that not only the condition of static stability,

%% <0 (3)

be satisfied, but the more stringent requirement of dynamic stability,

9
(om)edie (voxg)ogmeo “

must also be satisfied there.

Instabi1ities in the core caused by infinitesimal disturbances occur first as
overstable oscillatory motions (wind-induced wave motion in UCZ and thermal expan-
sion effects are two examples of perturbations that cause infinitesimal distur-
bances). In a system where the temperature and salinity are increasing downward,
1f a fluid particle 1s displaced an infinitesimal distance upward to a ¢ooler,
less-saline region, 1t will lose heat and salt by diffusion. Because of the large
difference in diffusivities, it will cool rapidly, hecome more dense and be driven
downward by 1ts body force. Should viscosity eff>cts be insufficient to dissipate
the kinetic energy of this motion, the particle overshoots its equilibrium position
and {s directed back upward. This action can develop into a growing osciliation
that leads to convection.

Stabi1ity of the core in the region of inclined side-wall boundaries has
received 1ittle attention in the past. In the thermohaline case, a salt gradient
must be zero at the impermeable side wall. Lateral density gradients within the
core are formed near the valls that tend to drive the otherwise stable core fluid
up at the walls (Ref. 21) and outward toward the center of the core, A system of
interleaving convecting and nonconvecting layers is rormed (Ref. 22). Disturbances
from this motion could lead to the generation of local convective cells within the
diffusive core and, thus, reduce its insulating value by increising the rate of
salt and heat transport upward.



Oscillatory motions within the core have been reported by Almanza and Bryant
(Ref. 23) who conjectured that the motions result from overstable oscillations
predicted from double-di ffusive convection theory. Internal wave motion in the
mixed zones at the interfaces between the mixed zones and the diffusive core in
small laboratory tanks was noted by Grimmer and Jones (Ref. 24). The origin of
this motion appears to result from the intermittent release of plumes predicted by
the mechanistic convective breakdown model described above. However, disturbances
did not affect the main body of the diffusive core becaute no convection was
detected 1n i%. -

As discussed by Newell (Ref. 14), solar ponds operate at rather large values
of Rp (»7), where Rp {s the same as defined for thin interfaces. Rp defined
in this manner may not be significant in solar ponds 1f nonlinear temperature or
salinity gradients 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 interface motion. Nonlinear salinity gradients in solar ponds and
laboratory experiments are common and have been reported by Nielsen (Refs. 25 and
26) and Zangrando and Green (Ref. 27).

The existence of nonlinear gradients viclates the quasi-equilibrium assumption
made in the study of the oceanographic interface. In particular, a nonlinear
salinity gradient indicates an imbalance between the rate of salt transport across
the interfaces by doudle-diffusive convection and that transported through the core
by mlecular diffusion. In particular, 1f excess salt transport through the inter-
face separating the LCZ and the diffusive core continues in time, the interface
region becomes unstable ana overturns. The overturning motion entrains some of the
excess salt in the LCZ, restores stability to tre interface, and results in
ancroachment of the LCZ upon the diffusive core. In this case, the interface is no
longer in quasi-equilibrium, but is dynamic. The mechanistic arguments presented
here are a first step in explaining the reduced flux ratios at increased heat
fluxes as reported by Marmarino and Caldwell, Crapper (Ref. S5), Newell, and Newell
and Von Oriska. Thus, for a dynamic interface, the entrainment of excess sait
stored sbove the boundary layers into the growing LCZ in combination with the near-
constant rate of heat transport through the core causes a reduced ratio of the salt
flux to heat flux. This effect should become more pronounced as the temperature
gradient with {ts destabilizing effect {s increased.



D. Models for Interface Motion and Pond Performances

Models for the dynamic motion of the interfaces in solar ponds have been pro-
posed by Bergman et al, (Ref. 28) and by Meyer (Ref. 16). The former employs
{ntegral methods to solve for the temperature distribution and rates of mixed-layer
growth but neglects the transport of salt across the interfaces and its effect on
the reduced stability of the pond. The differences between predicted results and
experimental data for salinity, temperature, and layer thicknesses were 20-30%.

Meyer (Ref. 16) presents a numerical model that uses empirical flux-ratios to
predict time-dependent salinity and temperature, and interface motion. Preliminary
attempts at validating the model showed good agreement between experimental and .
numerical results. Meyer included wind-driven turbulent entrainment in the UCZ
based on the work of Crapper (Ref. 29) and Turner (Ref. 30). A study of the topic
of wind-driven mixing in the UCZ {n the absence of double diffusive convecticn at
the core/UCZ boundary was presented by Atkinson and Harleman (Ref. 31). Their
results indicated a possible reduction in annual avzrage LCZ temperature of about
25% when wind-mixing effects occur.

A numerical model to predict the dynamic performance of the UCZ in solar ponds
was presented by Cha, et al. (Ref. 32). Several analyses of solar pond thermal
performance have been performed based on stationary interface boundaries -- notably
by Kooi (Refs. 33 and 34), and by Hull (Ref. 35) for a pond whose bottom reflects
di ffusely. Among the numerical models developed under the ascumption of stationary
interface boundaries are those by Hull (Ref. 36), and Shah, et al. (Ref. 37); several
solar pond design procedures are in this general category (Refs. 38 and 33). We
nota that results from models that consider only thermal behavior may be adequate
for small time periods (say, a few days) over which 1ittle boundary-layer motion
occurs but not for large time periods over which significant boundary-layer motion
may exist.

The 1ssue of interfacial stab!1ity in large-scale solar ponds was addressed by
Newell and Boerm (Ref. 40). Based on 1imited experimental data they determined a
critarion for stable interfaces as

53> 3.98 x 1073 !'E-:- : (5)



Equation (5) 1s expressed as the ratio of the salinity gradient to the tamperature
gradient based on 1inear prcfiles of both,
Nielsen (Refs. 41 and 42) presented the criterion,

—?-T-gssno‘:’ . (8)

8¢

where GT {s the temperature gradient('C/m) and Gc {s the salinity gradient

(kq/u‘). Equation (6) may be written in terms of the dimensionless flux ratio as
oC tF 0.375 _ -1. -0.375
_5,"-‘ . 0.3 x 1073 ke, ~0-625 (ocy) ba”'F) : (7a)

where F, {5 the heat flux (H/cmz). For 20% by weight NaC1 at 60°C, Eq. (7a)
becomes

pC_BF
—B- % . 0.0163 Fh'°'375 . (7b)
- .

It {s intaresting to note that Nielsen's criter{on requires » salinity gradient
about an order of magnitude larger than that of Eq. (4).

Nielsen and Rabl (Ref. 3) performed a theoretical analysis to predict the
threshald value of the daily heat absorbed in the LCZ necessary for LCZ growth,
‘They also determined that the LCZ will shrink if the criterion

oGy < 0.22 BG, (8)

is satisfied. A comparison of the above stability criteria with the data from
the Los Alamos solar pond will be presented in the saction, Results and
Discussion.

Research on gradient maintanance has bean performed by Nielsen (Refs. 26,
42 and 44), and by Nfelsen and Rabl (Ref. 43)., Thay describe an fnjection
procedure to modify the salinity gradient in the region of the intarface to

- 10 -



maintain a thin UCZ while minimizing the rata of LCZ encroachment on the
di ffusive core. Annual rates of salt transport in treir full-scale pcnd were
measured at 10-20 kg/mz-yoar.

E. Heat Extraction

Heat extraction from the LCZ and heat rejection to the UCZ in solar ponds
has been studfed by Jaluria (Ref. 45), and Jaluria and vha (Ref. 468). Their
analyses indicate that core entrainment into a forced flow in a mixed zone {s
charactarized by the value of the overall Richardson number

a0

where 4p 1s the density difference between the mixed zone and the incoming flow, ho
{3 the mixed zone depth, and Um the characteristic velocity in the mixed zone.
For R1° > 0.85 entraimant of the cora into the forced flow is negligible.

The experimental results of Zangrando and Green (Ref. 27) for heat extraction
in a large laboratory tank show LCZ interface erosion to be gre2tly increased at
reduced values of Rp (defirsd 2t the interface) and for increased extraction
velocities.

F. Heat Loss to Ground

The subject of ground conductivity and how 1t affects pond performance has
received little attention. Heat and mass transfer through sofls is a complicated
precess that includes the effects of molecular conduction, 1atent heat transport by
prassure-driven vapor flow, and sensible heat transfer by the flowing 1iquid. Meyer
and Hedstrom (Ref. 47) show conductivity to be very sensitive both to moisture (fer
moisture contants of 25% and less) and to soil1 composition (higher concentrations of
sand vs, si1t increase conduc’'vity). Leboeuf and Johnson (Ref. 48) show signif-
fcant effects of 3011 composition on the average annual LCZ temperature of a iarge
pond. They indicate the need for more data on fyndamental thermal-transport proper-
ties of sofls before heat and mass transfer in soils can be adequately predicted.
Fundamental studies of the physics of heat and mass transfer in soils has been done
by deVries (Ref. 49) and Walker, et al. (Ref. 50).

- 11 .



I11, HYPOTHESIS AND DESCRIPTIOM OF THE DYNAMIC PERFORMANCE MODEL

The primary thrust oi the Los Alamos research effort in solar ponds {s toward
understanding the fluid dynamics and heat transfer within such ponds. To help
accomplish this, a numerical model was developed to solve the one-dimensional,
time-dependent d¢iffusion equations for salt and heat transport in the pond.

For heat transport we have

oc, -g-TE -5 [“: % + qlx,t) - Lix,t) . (10) -

For salt transport, the governing equation is

303 39, 9T
TRl el (1)

The second term on the right side of Eq. (11) {s the Soret term; it accounts for
the trarsport of salt attributable to a temperature gradient. Kst.is the Soret
diffusion coefficient. We use values of the Soret coefficient given by Rothmeyar
(Ref. S51), In the diffusive core, the nolecular diffusivity is used in Eqs. (10)
and (11), whereas an eddy diffusivity {s used if the region is convecting. The
value of the addy diffusivity chosen is large enough to ensure complete mixing.
Salinity ch.nges caused by evaporation and precipitation are not included in the
model at present.

Our hypothes:is {8 that boundary-layer behavior, such as that described in the
theory section of the report, exists in ponds in the regions of the interfaces
between the mixed zones and the diffusive core. We hypothesize that the bcundary
layers above and below a diffusive core are two halves of the thin interface layer
that occurs at the temperature and salinity step of interest to oceanographers,
Support for this conjecture comes from the observations of plumes descending from
the LCZ boundary layer region in our laboratory-tank simulations of solar ponds
(Ref. 52 and Fig. 8). Furthermore, we spaculate that the flux relations obtained
across the thin interface of the oceanographic studies also apply across a boundary
layer separating the mixed zones and the core in solar ponds.

Consistent with the above hypothesis, static and dynamic stabilit; criteria
also apply. In our model, if Eq. (4) 13 not satisfied in a portion of the diffusive
core, that portion 1s flagged as convecting and the apprupriaty eddy diffusivity is

- 12 -



used. If Eq. (3) s not satisfied across a boundary between a convecting region

and the diffusive core, the convecting region encroaches on the core. The interface
stabflity criterion, Eq. (3), {s the same as that assumed by Turner (Ref. 12) in

his analysis of a stable salinity gradient heated from below.

As discussed by Meyer (Ref. 1€), because the major thermal resistance in the
tolar pond 1s that associated with the diffusive core, a correlation, such as that
proposed by Marmarino and Caldwell for the intarfacial hsat flux driven by double-
diffusive convection at the interfaces, is not needed. The heat flux is calculated
from the mixed-zone temperatures and the core thickness.

The salt flux across an intarface is relatad to the heat flux by an expression
of the form,

pC lF’

_EFh" = #(Fy) (12}

where, 1n keeping with our hypothesis, the right side is tha same empirical .. rela-
tion that is cbt2ined from flux measurements across a thin interface.

We belfeve that Eq. (12) appliaes across the solar pond becundary layers because in
the quasi-equilibrium oceanographic studies, the flux ratio that s valid across
the entire interface must be equally valid across each side of the {nterface and
across the diffusive core separating each side. If this were not so, the quasi-
equilibrium condition would be violated. We delay further validation of this
hypothesis until the discussion of experimental and calculated results.

The numerical model includes a system of equations that accounts for wind-
driven entrainment. Wind-driven entrainmunt acts in conjunction with
double-diffusive convection at the boundary between the UCZ and the diffusive core,

We correlata entrainment of the diffusive core with the effect of wind shear
by the relation,

U
U: . C1R1'n . (13)
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Where C, and n are empirical constants and U* is the frictional velocity that fs
directly proportional to wind speed. R{ {s the local Richardson number and {s
defined by -

a1..ﬂ§;g§ , (14)
-}

Where 33/;x 13 the censity gracient in the diffusive core at the location where
the core and UCZ meet.

We proceed to define salt and heat fluxes caused by entrainment from the
following:

Feg = UgecptT (15a)

F“ n -U.Ap, . (15b)

AT and dog e the changes in tamperature and solute density across the boundary.

The fluxes from Eqs. (15) are superimposed on those calculated from the effect
of doubla-difusive convection alone. Thiz assumption of separaie, additive contri-
butivons f-~om both th, double-diffusive effect and the mechanical turbulence appears
to be justified by our observations of the relatively rare mixing eveats in double-
diffusive flows (Ref. 5) and similar observations by Turner (Ref. 30) for
grid-generatad turbulence.

The equations in the model are solved simultaneously by first writing them in
their finite-difference forms and then solving the resulting system of linear
algebraic equations by an implicit method. The mesh 3ize used in the finite di ffer-
ence scheme was one centimeter,

A more detailed description of the model 1s given in Meyer (Ref. 16).

- 14 .



" 1V. DESCRIPTION OF EXPERIMENTS

To obtain a desper understanding of the fluid motion ‘n the region of the
boundary layers and within the mixed zones of solar ponds, we designed, built, and
instrumentad two laboratory tanks and a full-sized outdoor pond. Data from these
experiments were also used to initiate validation of the dynamic performance model.

A. Pond-Simulation Tank Experiments.

The first phase of our laboratory program involved the development of a pond-
simylation tank to obtain quan*itative data for code validation. It consisted of a
glass dewar, 29-cm {.d. and 75-cm deep with a bottom heater and a thermoelectrically
cooled heat exchanger on top to establish the desired temperature gradient. To
simulats a one-dimensional section of a solar pond {t {s necessary to minimize
radial heat loss. This was accompiished by using a saries of guard heaters indepen-
dently controlled (by di{fferential thermocouples) that maintained the outside wall
of the dewar at the same temperature as the fluid within. The outside surface of
the guard heatar assembly was insulated with a minimum of 10 .cm-thick polystyrena
insulation,

A rake supporting two 100-ohm platinum resistance thermometers (RTDs) and two
platinum point-conductivity probes was used to measure temperature and salinity.*
The RT)s were glass encapsulated and had an outside diameter of 0.8m to provide
naar-pointwise temperature measurement. RTDs were chosen for this experiment
because of their greater sansitivity and reliadility compared with other thermome-
ters. RTD r¢ristances wers measured using a 4-wire potentiometric circuit with a
high-1mpedence digital voltmeter.

‘Tne point-conductivity probe used in the experiment described here was developed
«t Los Alamos because of the need for accurate, high spatial resolution, in sity
salinity measurements over a broad salinity range (Refs. 53, 54 and 55), A
schematic diagram of a point conductivity probe is shown in Fig, 3. Basically, the
probe consists of a length of platinum wire 0.51 mn 1n diameter encased in a
2-mm-0.d. glass tube to expose only the tip of the platinum wire. This asssembly

* Initially, to determine 1f any radial or circunferential temperature gradients
existed, we measured temperaturs using tive RTDs equally spaced on a rake havin?
two hor{izontal, mutually perpendicular 107: extending radially to the inside wall
of dewar. No significant temperature variations were found.
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Fig. 3. Point-Conductivity probe schematic diagram.

is covared with an RTY fluorsilicona that 1s then sealed from salt water intrusion
by a length of shrink tubing. A spiral-wound secondary electrode of large surface
area surrounds the platinum tip. Point-conductivity measurements are obtained as a
small electric current flows between the two electrodes. The current density at

the probe tip s much greater than that at tae secondary electrode because of the
large difference in surface areas. The resulting electrical conductivity measurement
i{s, thus, more heavily weighted in the region of the tip than elsewhere.

Before use, the platinum probe tip was first platinized using a Beckman model
PK-1A platinizing kit.* The platinized coating reduces the rate of deterioration
of tha exposed probe tip &nd provides more stable and precise conductivity readings.

During each experiment, the probe was calibrated in situ by extracting a
minimum of four samples from the tank. The samples were withdrawn using hypodermic
needles or stainless steel capillary tubes at the same horizontal location as the
probe tip and at the same time the conductivity was measured. The specific gravity
of each sample was then measured (after it cooled to room temperature) by a
Mohr-Westphal balance accurate to *0.0001.

» Beckman Instruments Inc., Cedar Grova, New Jersey 07009.
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The rake supporting the RTDs and poiat-conductivity probes was automatically
driven through the tank at a prescribed time during the day at a rate of about
1 co/min. One traverse per day was taken, but in situ calibration was performed
only every three or four days to minim{ze disturbing the layar by extracting and
refnjecting samples of fluid. On the days when calidration was performed, a salt
balance was calculated for the LCZ and UCZ between that day and the day of the last
calibration, and the averaye salt flux through the interfaces estimated for that
period of time. The heat flux was detarmined from the local slope of the tempera-
ture profile. Data was automatically taken by & HP 9830 computer and data acquisi-
tion system and stored on magnetic tape for future referencs.

B. Flow VYisualization Experiments

The second phase of our laboratory experimental program consistad of flow-
visualization experiments aimed at a detailed understanding of the flow patterns
near the boundary layers. 1In addition, we also obtained quantitative tempera-
ture and salinity measurements to supplement those from the dewar experiments.

This study was carried out in a bottom-heated plastic tank of approximate dimensions
30cm x 30em x 7Scm-deep (Ref. 52). The sides and bottom of the tank were insulated.
Sections of the side insulation were removable to permit us to observe the flows

and to photograph them,

After searching for an appropriate flow-visualization technique wherein we
considered shadow graphs, dye markers (Re?. 56), and hydrogen bubbles, we decided
on using thymol blue as a fluid particle tracer (Ref. 57). Thymol blue is a Ph
indicator, and solutions containing small concentrations of 1t will change color
locally by the creation of {ons in the region of a charged electrode. A grid
electrode (sbout 10-cm square), made up of fine tungsten wires, was suspended about
lam below the LCZ interface for experiments performed in the LCZ and immediately
above the UCZ for experiments performed in that zone.

To obtain local salinity and tempe;ature data, a point-conductivity probe and
a type-T thermocouple (suitably protected from salt water attack) were instalied at
the end of & long tube that was manuelly traversed through the tank., A serias of
movable extraction ports were installed in one of the tank walls to accomodate
point probe calibration. ODuring extraction, the probe tip and the extractor port
were aligned by using a cathetometer,
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C. Full-Sized Experimentsl Salt-Gradient Solar Pond

The primary purposs of our experimental pond is to provide a mechanism for
full-scale validation, under controlled but realistic conditions, of our numerical
model. A detafled description of the pond design and construction is given in
Jones, et al. (Ref. 58) and Jonaes and Meyer (Ref. 59) and only a brief summary of
it i3 giver here.

A unique feature of the pond 1s its excavation not from sand or clay sofl, as
with other ponds, but from a 1ightweight porous rock known as “tuff®; such rock
forms the the major fraction of the Los Alamos area surface geology. Tuff has a
relatively small thermal conductivity, which implies that 1ittle, if any,
insulation is necessary to reduce perimeter heat losses. In addition, because tuff
1s relatively strong, 1t was possible to build a pond with vertical side walls and
minimize the problem of localized convection that could occur {f the sidewalls
sioped. DBecause of these features, the salt and heat transport in our pond was
axpected to de truly one dimensional.

The construction of the 232 mz by 3.5m-deep pond was begun in October 1981.
After excavation, the pond walls were coverad with an 8-cm thick layer of polyure-
thane 1nsulztion, mostly to smooth the rock surface and prevent a possible liner
tear. - A back-up liner of 0.5-mm-thick, rolled-on Hypalon (on the walls) and a
0.5-mm-thick sheet of PYC (on the bottom) was installed after 15 cm of smooth
plaster sand was spread evenly on the rock floor. Another layer of sand covered
the PYC, in which we embedded four electric resistance leak detectors. The main
1iner was 1.2-mm-thick fiber glass-reinforced Hypalon installed in three pieces and
Joined {n the fleld. To accomodate settling, we delayed anchoring the edges of the
main 1iner in the ground unt{i) the pond was filled. Six perimeter heat flux meters
were installed in the tuff befora beginning insulation work -- one in each wall and
two in the pond floor.

Instrumentation at the pond consists of an underwater pyranometer (Eppley model
8-43) and traversing and fixea salinity- and temperature- measuring probes. The
traversing device consists of a wheeled trolley driven vertically by a wire at a
rate of 0.9 cm/min. through the pond; the trolley rides on a rectangular rail,
Installed on the trolley are two platinum RTDs, an induction salinometer (Beckman
CEL-RAS7 with a R1S5 indfcator), and a platinum point-conductivity prabe.



Typically, one traverse per day was run; each traverse provided temperature and
salinity data at increxents of 0.8 cm. The fixed probe consists of a rake supporting
28 vpe-T thermocouples and 28 sample-fluid withdrawal ports located every 10 cm. '
The ports permit in situ calibration of the point probe installed on the traversing
trolley. The ingtrumentation rakes were stabilized by supports from a catwalk that
extended over the pond frum one of its banks. The material of construction was 316
stainlass steel nearly throughout. No welding was done on metals to be submerged

in the pond and bending of materi{als used for components that would be submerged

was minimized to reduce the possibility of accelerated corrosion.

The fnitial gradient of 120 cm was established on August 4, 1982. The initial
LCZ and UCZ thirknesses were 120 cm and 20 cm, respectively. The pond began warming
rapidly with the LCZ fnitially at 25°C and 18.5% salinity. The rate of temperature
increase 1n the LCZ was 1,2°C/day for the first month of operation, decreasing tc
0.25°C/day for the second month.

At the end of the first week in September, we begun to notice an abnormal drop
in the surface level of the pond and suspected a 1eak. A graph of the salinity
profiles over the period wnen the Teak began 1s shown in Fig. 4.

In Fig. 4 we nots the thic'ness of the core (gradient zone) {s the same for
August 31 and September 21, however its location is about 13 cm lower on the latar
day. We see further evidence from {nspecting Fig. 5, where the depths of various
{sosalinity planes in the core are showr as a function of time. In Fig. 5 there is
a negative slope to all curves aftar September 1, We concluded that the leak was
in the LCZ. Subsequent calculations of salt inventories within the pond indicsited
a leak rate of adout 1.8 malday.

After cleanup of the excess salt or the bottom of the pond, removal of the
catwalk and baseplate, and cooling tha pond, two divers descended to inspect the
1iner 1n the LCZ regfon. They found a one-cm-long hole in the crease of the linar
where the north wall and the floor meet. The tear was rot in a seam. We presume
that the tear was caused by excessive siress during settling of the pond bottom and
we indicate below two independent effects thet may have led to the high stress in

_ the 1iner. First, the combination of hydrostatic pressure and high temperatures

from large solar radiaticn intensities on the north wall caused the back-up and
main Hypalon lir~rs to stick together. The needed slippage of the main 1iner was
thus prevented and large stresses at the bottom resulted. A similar strass tear
had occurred on the west wall above the waterline sometime after the cne in the LCZ
and was repairid. Sticking was evident along that wall also. Second, because of
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the harsh environment into which the Hypalon 1iner was to be put, the supplier of
the liner recommended fiberglass reinforcing for additional strength. Polyester is
the standard reinforcement. Fiberglass, however, has very 1ittle ductility comparecd
with polyester, We believe the lack of ductility in a region where it was needed
contributed to the tear.

After two attempts, the divers repaired the leak by putting two hypalon patches
on it and using a "S-afnute® epoxy as a bonding agent. Sandbags were placed over
the repaired area as added insurance. We arrived at the decision to use epoxy after
evaluating the results of numerous underwater patching tests performed in the
Taboratory.

Another problem arose early in June 1983. For some reason, gas hegan to seep
from the rock beneath tne pond forcing the main 1iner upwards toward tne surface.
About a dozen gas bubbles under the 1iner were noted over a 3-week period. Their
heights ranged from several cm above the floor to one that forced the 1iner through
the surface of the pond. All of the large bubbles were removed by pushing down on
them from above and pushing them toward a corner where a2 small !ncision in the liner
had been made on the bank. The origin of the gas remains uncertain. A gas analysis
showed 1t to be ’n1trogen-r'lch air possibly displaced from the porous tuff by unusu-
ally large mountain run-off earlier in the year or from the air displaced by the
brine from the 1iner 1eak 6 months earlier. The appearance of the few smaller
bubbles that were left in the 1iner has not changed since the end of June 1983.

One unfortunate result of the gas problem was another tear in the l1iner. It
again occurred at the base of the north wall. Rather than cooling the pond, we
attempted to patch the hole from above water. A double-sided, tar-like tape
supplied to us by L. Wittenberg of the Mound Facility, Miamisbirg, Ohio, was
applied to the bottom of a stainless-steel plata., Aftar cleaning the pond 1iner
in the region of the toar with steel wool, we lowered the plate onto the area,
tamped it into place, and placed sandbags on top of {t. The water level of the
pond stabil{zed after the patch was applied.

-2l -



Y. RESULTS AND DISCUSSION
A. Flow Visualization - Laboratory Tank

Figure 6 shows a photographic sequence of flow patterns immediately below tne
interface separating the LCZ and the diffusive core. Photographs were taken at 5
second fntarvals. Plumes of cool, less salty, dyed water are clearly visible as
they descend from the interface. Patterns of this type were repeatedly observed
for the cases where the effects of bottom heating did not disturb the interface.

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

At large rates of bottom heating, the convection generated at the heatiny
plate directly influences the flow at the interface separating the LCZ and the
core. The flow patterns immediately below this interface under the condition of
large bottom heating are shown in Fig. 7(b). Fig. 7(a), which shows fluid motion
below the interface with no bottom heating, 1s included for comparison. We note in
Fig. 7(b) that the plume structure has been replaced by whisps of fluid being swept
away by the convective stirring within the LCZ. We believe this influence may
cause an fincrease in the rate of salt transport through the boundary and result in
an increased flux ratio. The oceanngraphic model for the interface as;umes that
the convective motions in the neighborhood of the interface are caused solely by
the effect of heat transport through the interface. Thus, interfacial salt and
heat transport caused by convection arising from sources other than plume motion
are neglected in the model.

Quantitative measurements with thymol blue have proved difficult. Ouring
observations made with heat fluxes in the range of 50 to 90 H/mz. plume velocities
ranged between 0.1 and 0.2 cm/s. The average plume velocity appeared to increase
with heat flux; plume spacing ranged from 3 to 6 cm.

B. Dynamic Performance Code Validation

. Our first attempt at validation was to use the numerical model to reproduce

the experimental results obtained by Purdue University investigators (Ref. 60) in a
bottom-heated, solar-pond simulation experiment. Details of the comparison are
presented in Meyer (Ref. 16). Figures 8 and 9 compare our calculations with
experimental data; agreement {s good, Figure 8 indicates that the model reproduced
the motion of the interfaces very well during the time the mixed zones were advancing
into the diffusive core. In Fig. 9, good agreemant is also shown betwsen the
calculated and experimental temperature histories in the mixed zones.

n" .



(g)

Fig. 6. Flow patterns just telow {nterface separating the diffusive
core and lower convective zone with small bottom nheating,
Sequence was photographed at 5-sacond intervals,
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(a)

(b)

Fig. 7. Flow pattern just below interface separating the
‘ di ffusive core and lower convective zone (a) witn
heater off sznd (b) with neater on,
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To obtain a good match to the experiment above, 1t was necessary to modify
Eq. (7b) to

oC_8F

—B% . 0.1488 rh'°-13 . (16)
h
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Equation (16) gives flux ratios larger than those from Eq. (7b) but remains within
the range of Marmarino and Caldwell data and Los Alamos data yet to be presented.
We have used our wind-entrainment, double-di ffusive model (Eqs. (13) through
(15)] to calculate the performance of the Miamisburg, Ohio, solar pond over a
3-morth period. Details of the comparison are described in Meyer et al, (Ref. 52).
There is some uncertainty regarding the appropriate values of c1 and n in
€q. (13). We tried two sets of values in our calculations. The values of c1 =
0.075 and n « 1 were obtained by Wu (Ref. 61) and the values C1 s N e 3/2 were
" obtained by Kit, et al. (Ref. 62). Observed and calculated interface positions as
a function of time are shown in Fig. 10. We note that the calculation with na 1
gives good agreement with observations for the UCZ and LCZ; the use of i a 3/2
underestimates the growth of the UCZ.
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Fig. 10. Comparison of the measured and calculated intarface
positions for the Miamisburg solar pond.

The correlating parameter in the numerical model 1s the flux ratio. The
object, when compering the calculated results from the mode! with those from our
experiments, {s to calculate the flux ratio from experimental data and, by using
this flux ratio in the code, attempt to match the performance obsarved in the
experiment.

We obtain an expression for the time-averaged sclt flux from
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where F is the net instantaneous salt flux (g/cmz-s) and U, 1s the
instantaneous boundary velocity (cm/s).
Equation (17) may be integrated over time from t1 to &, to obtain

30
Au’ajh F dt e -[ZU'p,dt‘fZ‘s-ﬁdt
Y 1 Y
(18)
’ . a Uydt + ’ .
Y

In Eq. (18), the overbar indicates a time-averaged quantity and Ms 1s the mass of
salt per unit of pond area.

or

With

—-— M ¢+ X, =X - M
arg %Y (*, y) " sty |
“ -ﬁ ™ 3 . (19)

The numerator in Eq. (19) {s the difference in salt invantories (per unit area)
in the mixed zones at times % and ta respectively plus a contribution from
the product of the time-averaged density at the interface and the distance over
which the interface moves in time at.

We use Eq. (19) to calculate salt fluxes in our experiments. The salinity
values {n the mixed 2nne are obtained from the measured densities of the extracted
samples. The values of the heat fluxes are obtained from the local temperature
gradients {n the region of the {nterface under consideration.



Our largest source of error was in determining the position of the interface.
The salinity-profile data were scattered whercas the temperature profiles were
smooth and rounded in the region of the intarface. We defined the interface as the
intersection of the straight-l1ine extension of the temperature profile in the core
and the constant temperature line of the mixed zone. An error range in the flux
ratio arises from uncertainties in the location of the intarface and the value of
the temperature gradient. Property data {s from Elwell, et al. (Ref. 63),

A camparison of the data from the tank experiments with calculations 1is
presentad in Figs. 11-18. Time-dependent LCZ salirity, temperature, interface
location, and UCZ salinity, and interface location are shown. Notable results are
sumarized in Table I. The duration of the experiments ranged from 12 to 22 days,
and heat fluxes ranged from 8.8 to 61.2 H/mz. Included on each figure are the
heat flux and the dimensionless flux ratio used in the model to produce the
calculated results as shown. We note that in all cases, the heat flux and flux
ratio used in the model fall within the error range of the tank data. We further
note that good agreement between the calculated and experimental results is
obtained by using these values,

The anomalous behavior of the LCZ temperature history in Fig. 16 occurred
when, in error, we accidentally increased the rate of bottom heating slightly on
the twelfth day of the experiment. The discontinuity in heating was included as
input to the model for this case and from Fig. 16, we note that the model predicts
the correct temperatures even after the sudden change of heating rate occurred.

From the results presented in Figs. 11-18, and the good agreement observed
between calculated and predicted results, 1t appears that the model contains the
features necessary to predict time-dependent salinity, temperature, and motion of
the mixed layers.

C. SOLAR POND RESULTS

The 232-m2 solar pond was operated in a run-down mode (no heat extraction
or gradient maintenance) for the period from June ! to August 18, 1983, The primary
purpose of the experiment was to obtain flux-ratio data for a full-sized pond and
canpare them with those data obtained from the small-scale laboratory experiments.
Because the experiment was not funded, mode! validation would be done only {f
sufficient time could be spared from other projects, or if personal time could be
found.
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pond bottom, Fy = Fp/ocp.

Z = height of boundary layer above



h 1§ T I 7 T ] L) | L [} ¥ LI T 1 1 T LRI
[ 1 3
24r » ]
3k x x XX -
" x X
x X X % -
3 g x X
1| -
or OPIRMENT *4 -
UPPER INTEAPACE
! QIXP, XCALC.
L1 +
rm 0.164 004 0.10
aW/mll 492430 472
u" -
I“ TEE. N
«“ XX®%xxxx 7
§u xXxXe -
N
p ]
| I | | | 1 ¢ 41 1 1 1 1 | N I I | 1 | |
[ 2 4 8 ] 10 12 14 10 10 20 22

t (days)

Fig. 17. Conparison of observed and calculated resuits for laboratory
tank experiment number 4. Z = height of boundary layer above
pond bottom. Fy = Fn/ecCp.

En T ] ¥ ¥ 1] LB ) ) ) ¥ T T 1 V 1 1 1 1§ T
1

81
E 80 x X X x X 2 x 1
49 b9 o x » x -
9 “ DPIRIMENT *4 : N
= 47 LOWEA INTERFACE -
“ OIXP. XCALC. 3,
F o] 1,
2 .-’:- 0334004 00 i
aWimd) 40330 472 -
] u X X X v
a x xx -
.g:m x "% x ® -
1 -
" -
| I | [l | I A W | 1 | | 1 i 1 [ ] [l 1 1 )
0 2 4 6 0 10 12 M 1w w 0 2
t{dann)

Fig. 15. Comparison of observed and calculated results for laboratory
tank experiment number 4. Z = height of boundary layer above
pond bottom. FH = Fp/ecCp.



*¥U®) UOJITZ}(PNSEA MOLJ PIIR|NSU} BOAJ a0 SI|NSIA SIYIO |V “ABRIPp U} PIMIOSIIY «

60°0 + 0C°0 £10°0 20+ 8°8 SI1°0 6711 08" 11 1 *$

$0°0 + 91°0 z°0- 0°€ + 276 YO1°0- 81 00" €1 n v
¥0°0 + €€70 Sy 0 0t + 2°6¥ 921°0 SL°81 00°€l 1 v
S0°0 + £2°0 S1°0- o'y 219 or1 0~ 2 00" 22 n £
€070 + S2°0 £€°0 0y +2°19 ¥80°0 o€ 91 00°22 1 £
$0°0 + ST°0 S¢°0- 0°€c+2°9 8070~ £6°0 0" 61 n z
50°0 + SE'O 5570 0°E + 2°EY ¥60°0 6€°21 ¥0°61 1 z
£0°0 + R0 20 0°¢c+ 2°5C __ueo g2t (0" 5t I s

—£_ fppo) (A mmaUs mes o ke) o (eCUedd) o

S qudoo 3190198  Xn(J 3TN 3007 PIXIN W07 PIX|W  uUojIeINg w07 40 Jvamyaadxy

NNJAWN] Aaepunog IMjaNN]

S1S31 YNVL AYOLIVHO0EY] SONVIV SO1 JO S1MSH
I 3Wvl



The pond had to be cooled in preparation for the experiment; as of May 1, 1983,
the LCZ temperature had risen to 55°C. The re-installation of the catwalk and
instrumentation (after the leak problems), instrument calibration, and other
preparations delayed the start of the experiment.

The pond was cooled by two 11quid/air heat exchangers, each with a rated
capacity of about 30 kW. Pond temperature profiles for the beginning, middle and
end of May, 1983 and the beginning of June are shown in Fig., 19. The suction port
for the cooling lcop, located near the pond bottom, consisted of a round piece of
PVC pipe, 7.6 cm in diameter. The discharge to the LCZ was through a di ffuser
consisting of two circular acrylic plates, 1 m in diameter with a gap between them
7-mm deep.

For the first half of May, the diffuser position was about 40 cm above the
pond floor; the temperature of the pond for May 15 is shown in Fig, 19. After
May 15, we moved the di ffuser upward to about 70 cm to involve more of the LCZ in
the cooling; note in Fig. 19 that the temperature profile on May 3l reflects this
change. The rate of hect extraction from the pond varied from 18 to 38 kW during
this period. The mean velocity from the diffuser was about 0.2 m/s. The tempera-
ture difference between the inlet port and outlet diffuser in the LCZ varied from 5
to 11°C. No measurable boundary erasion occurred although the overall Richardson
number (R1° defined by Eq. (9)), based on diffuser velocity and distance from
di ffuser to interface, ranged from 0.2 to 0.95.
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Fig. 19. Temperature Profiles of Solar Pond For Four
Days Before Beginning Run-Oown Experiment.
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From Fig. 19, we also note that between points A and B the pond is stabilized
by temperature, this being a region of uniform salinity. From point B to the UCZ
boundary, the pond 1s salinity stabilized. Because diffusion is the only mechanism
for salt transport between point A ind the UCZ boundary, an increase in the thick-
ness of the diffusive core (gradient zone) results, as shown by a comparison of the
temperature profiles for May 1 and June 6.

Unfortunately, the heat exchangers were unable to compete with the combination
of daily heat gain in the pond and the stored heat. They were capable of reducing
the temperature only to about 36.5°C at the bottom of the pond.

On June 1, as detected in Fig. 19, the top 30 cm of the UCZ was removed and
replaced with fresh water to prepare for the run-down experiment. The temperature
profiles in the UCZ show this activity. It appears that some erosion of the core
occurred during this operation.

Salt water samples were extracted on four days during the run-down for in situ
calibration of 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. Salinity was measured by the point-conductivity probe calibrated on
the days shown in the figures; temperature was measured with an RTD, On the first
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Fig. 0. Temperature Profiles In Pond During Run-down Experiment,



day of extraction, the initial temperature and salinity of the LCZ were 65.1°C and
18.1% respectively., The S-shaped salinity profiles indicate an imbalance between
the salt transport rate through the interfaces and 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.
Fluctuations noted in the salinity profiles in the LCZ (Fig. 21) are not
believed to be real, but to be caused by a deteriorating platinum coating on the
point-conductivity probe tip. Fortunately, the salinity values for the LCZ used in
the salt flux calculations are from extracted samples and not from probe readings.
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Fig. 21. Salinity Profiles In Pond During Run-Down Expariment.

Flux ratios and other pertinent results from the run-down experiment are pre-
sented in Table II. The heat flux at a boundary layer between a mixed zone and the
diffusive core was corrected for volumetric heating. This correction was small,
however, because the temperature and salinity data were obtained during hours close
t0 sunset.
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From 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 lost from the core, This is more
obvious by inspecting Fig. 22 where the interface locations are shown over the
duration of the experiment. We arrived at one possible explanation for the rapid
run-down by considering the relatively small values of the overall density-stability
ratios shown in Table 1I. Newell (Ref. 14) indicates that the operational limit of
solar ponds corresponds to an Rp value of about 7 to 8. Because R° a 5 for nost
of the experiment, based on this criterion, the salinity gradient was not large
enough to support the temperature gradient and a rapid run-down transpired.

A graph of the temperature in the LCZ during run-down {s shown in Fig, 23. In
the beginning of June, the rate of warmup was about 1.1°C/day with a core thickness
of about 70 cm. We note the rate of temperature decrease to be about three times
this value for the end of the expariment when the core thickness was only about
20 cm.

The average salt flux from the LCZ over the first 23 days of the experiment
was about 76 kg/mz-year. and for the second 18 days it was about twice that
amount. The smaller number {s about 3-1/2 times the maximum measured value for
this phenomenon cited by Nielsen and Rabl (Ref. 43). This result is partly
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Fig. 22. Locations of the LCZ (1), UCZ (u) interfaces and the surface
location (s) in the pond during & run-down experiment,
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explained by our measured flux ratios that are larger than Nielsen's (Ref. 42) (see
discussion below). Also, the heat fluxes through the {aterfaces over the course of
the run-down experiment were larger than for a pond operated in a quasi-stead} mode.
The larger heat fluxes then give rise to larger salt fluxes as indicated by

Eq. (12).

The consistently larger values of the UCZ interface velocity compared with that
at the LCZ, as seen in Table II, may indicate that a leak stil1l exists in the liner
at the bottom of the pond. A comparison of evaporation rates measured for the evap-
oration pond with those in the main pond showed a discrepancy of about 0.4 cm/day
over the duration of the experiment. Because of the difference in pond size and
bottom reflectivity we suspect this value to be high and the leak rate to be about
0.2 cm/day. Fortunately, because the total leakage over any inventory period {is
only a small fraction of the volume of the LCZ (< 5%) the effect of a possible leak
on the salt flux and flux ratio at the LCZ interface is small, The effect of 2
possible leak has been accounted for in the error range for the flux ratios shown
in Table 1I.
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Figure 24 shows the dimensionless salt-to-heat flux ratio with error range as
a function of heat flux for our laboratory and pond experiments. We have also
included in the figure results from Broughton (Ref. 64) and Marmarino and Caldwell
(Ref, 6). Wa have expressed Nielsen's (Ref. 42) correlation in a form compatable
with the Marmarino and Caldwell results and plotted it as a solid curve. In addi-
tion, the correlation used by Meyer [Ref. 16 and Eq. (16)] to match the predictions
from his numerical model to the Purdue data is shown as a dotted curve. For the
Los Alamos data, the partially shaded boxes refer to the results obtained for the
LCZ interface and the unshaded boxes refer to the UCZ-interface results. From
inspection of Fig. 24, we believe the relatively good agreement supports our con-
Jecture that the same physical phenomena are present in both thermohaline columns
and solar ponds. Although the data {s scattared, the trend toward a smaller flux
ratio at larger heat fluxes is perceptible. In addition, we note that the Nielsen
correlation to solar pond data bounds our results from balow. We further note the
Meyer correlation to be in much better agreement with the data than the Nielsen
correlation in the moderate-to-large heat flux range. The relatively good agreement
between the flux ratios for the laboratory tank experiments and those from the pond
indicates that the ef'fects of convective mixing from bottom heating on salt trans-
port through the LCZ boundary may not be as significant as originally thought. More
flux-ratio data for large ponds are needed to answer this question.
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Fig. 24, Dimensionless salt-to-heat flux versus heat flux
for pond experiment and laboratory tank tests.
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Fig. 25. Energy fiows in solar pond. Period of
experiment, June 22 through August 18,

It 1s intaresting to compare the results from the run-down experiment with the
criteria for stable interfaces proposed by Nielsen and Rabl (Ref. 40) and Newell
and Boehm (Ref. 43), From our data we obtain a time-averaged ratio of the differ-
ence in salinity to the difference in temperature between the mixed zones of
0.343%°C. Based on this result, Eq. (5) predicts that the interfaces in the pond
are stabie whereas a rapid run-down actually occurred. The expression 0.22
lG*/th. averaged in time, s about 90 based on our data. Eq. (8) predicts a
shrinking of the mixed layers for this value although the actual behavior was quite
different.

From these results, it appears the regime of conditions existing in our pond
during run-down was quite different from the ones on which the stability criteria
were based. More theoretical and experimental work must be done before we are able
to develop accurate stabilf{ty criteria for interfaces in solar ponds.

A bar graph of daily energy flows in the solar pond is shown in Fig. 25
through the end of the run-down experiment. From these results, the average pond
efficiency over this perfod {s slightly greater than 203, Virtually no energy
storage occurred in the pond after the middle of July because of the rapid thinning
of the core after that time. A tabulation of the daily enaorgy flows {3 presented
in Table [II, Symbols are defined in Table IV,
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TABLE IV
DESCRIPTION OF TERMS IN TABLE III

Julian Day

Year, Month, Day

Integrated daily solar radiation measured with Pyranometer.

Net solar radifation absorbed after shading and bottom reflection
factors. Shading fuctors were calculated with hourly solar angles.
gogfon reflection factor necessary to obtain an energy balance was
Energy stored in non-convegting zone. Calculated with (density x
specific heat « 3,975 MJ/m3) x zone depth x zone temperature daily
change.

Enor?y stored in lower-convecting zone. (Density x specific heat «
3.891 MJ/m®) and above equation. Zone depth « 110 cm.

Energy stored in bottom sand layer. (density x specific heat « 1.21
MJ/m°), Sand depth = 25.4 cm.

Total energy storage. Sum of above 3 terms.

Heat loss back to ambient through top surface of pond. <Calcu-
lated with actual UCZ thickness with daily average temperaturs
difference and K « 0.6 W/m K.

Heat 10ss through sides of pond., Calculated with average tempera-
ture difference of 4 sets of side measurements at 0 and 46 c¢m depth
into earth, K assumed to be 0.5 W/m K.

Heat loss at bottom of pond. Calculated with average temperature
difference of 2 sats of measurements at 0 and 46 cm denths,

K assumed to be 0.85 W/mK.

Daily energy unbalance. QABS-QSTOT-QTOP-QSIDE-QBOT.

?aﬁ;o of stored energy (QSTOT) and total horuzontal solar energy

Average daily ambient temperature.

Average daily upper convecting zone temperature.

Average daily non-convecting zone temperature.

Average daily lower-convecting zone temperature.

- 45 -



YI. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

A one-dimensional model has been developed that is capable of accurately pre-
dicting time-dependent, mixed-zone temperature, salinity, and interface motion.

The correlating parameter in the model is the dimensionless salt-flux-to-heat-
flux ratio (flux ratfo) as a function of interfacial heat flux. In our experiments,
we have obtained 12 values of the flux ratio for heat fluxes ranging from 8 to
100 H/mz. However, only 4 of the 12 points were obtained from a large pond.

More dynamic performance data for large ponds are needed to (1) compare with new
theoretical results, (2) complete mode! validation, and (3) answer the important
question of salt repienishment. More data on heat extraction and rejection in
actual solar ponds are required to validate the results obtained in laboratory
experiments.

The {ssue of ground loss and its effect on pond performance requires additional
attention. A study should be done to deatermine the effect of ground loss on the
overall impact of ponds by considering that future pond sites are restricted to
those areas where subsurface conditions permit them to operate efficiently.

Problems continue to exist with pond 1iners (Ref. 65), methods to determine
leak Tocation and in situ repair without disturbing the pond. Divers are not the
answer. Research on the physical processeas occurring at the boundaries of a l{ner-
less pond should be inftiated.

The area of instrumentation requires attention. In particular, there is a
need for reliable instrumentation to accurately measure fluid specific gravity in
sty with a spatial resolution of 0.1 mm and smaller. Accuracy should be 10'4 or
bettar. 'de feel that such an {nstrument could be developed (Ref. 55). Its measure-
ments would provide data to answer many quastions on the fluid dynamics in the
immed{ate neighborhood of a mixed zone/core interface, uuch as the intermittant
entrai nment of a dynamic boundary layer.

Some commercially available {nstruments should be improved. The Beckman
induction salinometer installed at the pond failed just before beginning our
run-down expe.iment. Salt water {ntrusion in the cell was blamed but not proved,
Performance of the Eppley 8-48 underwater pyranometer at the pond is suspect because
of condensation (or salt water) on the inside of the globe and salt-water attack on
the outside of the globe that caused scratches.
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VII. DISPOSITION OF EXPERIMENTAL EQUIPMENT

Both tanks and associated hardware are stil1l intact and may be used again
without much preparation. The data-acquisition system for the dewar experiment
{s on permanent loan to another group in the laboratory, It will be difficult to
retrievc {t,

The pond needs work. If there is a leak in the 1iner, we suggest that a new
1iner be installed on top of the old one, which could first be patched and used as
a back-up. More s2it {s needed. Both the underwater pyranometer and the Beckman
salinometer need repair., Other instrumentation at the pond remains intact. The
data-acquisition system was removed from the pond site but is stil) available if
nceded. The traversing mechanism should be modified to eliminate a sticking
probiem,
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Nomenclature

specific heat (J/g-°C)

depth of upper convecting zane (cm)
salt flux (g/cmz-s)

heat flux (H/cmz)

acceleration of gravity (cm/sz)

thermal conductivity (W/cm-"C)

energy extracted at depth of x (H/cma)
solar energy absorbed at depth x
density-stability ratio

salinity (wt. %)

initial salinity (wt. %)

temperature (°C)

time at which thermal boundary layer becomes unstable (s)
time (s)

entrainment velocity (cm/s)

vertical coordinate measured from pond bottom (cm)
coafficient of thermal expansion (°c~1)
salinity expansion coefficient (cm3/g)
thermal df ffusivity (cmz/ S)

salt di ffusfvity (cmzls)

kinematic viscosity (cmz/s)

fluid density (g/cms)

solute density (g/cma)
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