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SUMMARY

OBJECTIVE

This report studies the thermal and fluid flow processes underlying heat
rejection to the surface layer and energy extraction from the storage zone of
a salt gradient solar pond.

DISCUSSION

This report details the hasic heat transfer and fluid flow mechanisms involved
in the recirculating flows that arise in the surface and the storage layers.
The surface layer of the pond provides a convenient medium for the energy
rejection from a power plant, operating on the energy extracted from the stor-
age zone of the pond. However, the discharge of heated water into the surface
layer might disturb the operation and efficieucy of the solar pond, mainly
because of its effect on the gradient zone. In addition, it might cause an
excessive increase in the temperature and, consequently, in the evaporation at
the surface. Similarly, energy extraction from the storage zone by means of a
recirculating flow disturbs the gradient zone, thus lowering the temperature
attained in the storage layer. It is, therefore, considerably important to
determine the effcct of these recirculating flows on the performance of the
solar pond in terms of the disturbance to the gradient layer and the resulting
temperature distribution in the pond.

After investigating available information and finding very little work on
these flow problems, effort was directed at fundamental and applied studies
that may be related to certain aspects of the flows. The extensive work done
on heat rejection from power plants to natural water bodies, such as lakes and
rivers, was used to provide information on the surface heat transfer mecha-
nisms and on the basic features of the flow. The work on jets, particularly
surface jets, and on mixed convection flows in enclosures was employed for
evaluating the flow spread and penetration. The translent and steady-state
temperature distributions were considered in terms of earlier studies on ther-
mal discharges to enclosed regions. The fundamental work on stratification
and on its stability was particularly valuable in determining the effect on
the gradient layer due to the flow. Simplified analytical models were con-
sidered to determine the thermal and fluid flow effects that arise.

CONCLUSIORS

The gradient layer can be maintained with a negligible effect caused by the
two recirculating flows if the flows are spread over the width of the pond, a
suitahle diffuser height is taken to reduce the flow velocities, and the dif-
fusers are located as far as possible from the interface with the gradlent
zone, The flow and thermal fields are governed by two important parameters,
the Reynolds number and the Froude number, which show their effect on the flow
and constraints on their values for satisfactorily operating the system. Heat
rejection to the surface layer results in acceptable increases in temperature
and evaporation. The end-to-end configuration for energy extraction is satis-
factory for large ponds and the top-to-bottow wvue Ffor small osolar ponds.
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Experimental modeling of the problem is also studied and the important
considerations for satisfactory and accurate modeling of the processes are
discussed.

vi
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NOMENCLATURE

A surface area

depth
Cp specific heat
d thickness of flow region
D/L aspect ratio
e energy extraction parameter
Eqi solar euncrgy abcorbed in storage layer
Fr Froude number
Gr Grashof number
g acceleration caused by gravity

surface energy loss per unit area

h heat transfer coefficient
He evaporative heat flux

Hyp back radiation

h, convective heat flux

ho heat of flow channels

H,. total heat rejected

Hs mean incident flux

k thermal conductivity

L length

P atmospheric pressure

P pressure

Pr Prandtl number

PS partial vapor pressurc (surface)
a partial vapor pressure (ambient)

flow rate

q flow per unit width

ay heat transfer per unit area
Ra Rayleigh number

Re Reynolds number

Ri Richardson number

Ri, entrance Richardson number

T temperature

xi
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T, temperature (ambient)

Tq equilibrium temperature

T tempefature (ambient)

U,u,,U, velocity

LR volume of the layer

X horizontal distance

z vertical coordinate

o] thermal diffusivity

B coefficient of volumetric thermal expansion
v ‘kinematic viscosity

§ withdrawal layer

p fluid density

€y thermal diffusivity

AT temperature difference

o Stefan—Boltzmann constant: 5.7 x 1078 W/mzk4
T ' time

N powerplant efficiency

streamfunction

coefficient of viscosity
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SECTION 1.0

INTRODUCTION

This report describes the performance of a nonconvective, salt-gradient solar
pond using recirculating flows for heat rejection to the surface layer and for
energy extraction from the storage layer. Solar ponds act as collectors and
long-term storage systems for solar energy and have considerable promise for
power generation and low-temperature applications. Since the surface layer of
the pond is at a temperature close to the ambient temperature, it can easily
be used for heat rejection from a power plant operating on the energy
extracted from the solar pond. However, the recirculating flow used for the
heat-rejection process (e.g., in the condensers of the power plant) will
increase the temperature of the surface layer and cause additional disturbance
to the nonconvective gradient layer. Therefore, it becomes important to
determine the effect such a flow would have on the performance and operation
of the solar pond, particularly the effect on the gradient layer, the increase
in surface temperature, and the consequent increase in surface evaporation.
Also, determining the optimal distance separating the hot water inflow and the
cold water outflow in the surface layer would be interesting.

Considering the use of a recirculating flow to extract energy from the storage
layer also demands studying the effect this flow would have on the gradient
layer. Different flow configurations could be used for energy extraction.
One would be to locate the inflow and outflow ports at the opposite ends of
the layer; another would be to locate both ports on the same side, one above
the other. The latter, if feasible, would be particularly useful for medium-
‘and large-sized ponds, since it would considerably reduce piping expenses and
heat losses in the extraction process. However, it is important to determine
the distance to which the flow penetrates before being recirculated to the
outflow port. This could limit the size of the pond from which this configu-
ration can extract energy efficiently using the full length of the storage
layer. For both configurations, the basic physical parameters that govern the
flow and the related thermal field in the solar pond need to be determined,
particularly concerning the disturbance to the interface and the mixing of the
cold entering fluid with the hot fluid of the storage zone. This should also
be considered when experimentally modeling actual pond conditions and analyz-
ing the underlying physical processes.

Heat rejection and energy extraction are treated individually despite certain
similarities, since the basic concerns are quite different. The heat rejec-
tion problem is counsidered first, since considerable 1nformation exists on
heat rejection from power plants to natural water bodies. Much of this infor-
mation is directly applicable to the present problem, although there are sev-
eral important differences. Some of this information can be used with
modifications for the energy extraction problem as well,

Not much work has been done on the flow and thermal fields caused by energy
extraction from the storage layer, and the process needs to be investigated.
This report outlines some of the simplified analytical models that may be
employed and presents preliminary results based on earlier studies of heat
rejection to water bodies. It also givee the governing parameters and dis-
cusses the underlying physical mechanisms.
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SECTION 2.0

HEAT REJECTION TO THE SURFACE LAYER

2.1 THE PROBLEM

The surface layer of a solar pond is typically 0.1 to 0.4 m deep and absorbs
approximately 40% of the solar flux at the surface. The mean incident flux,
Hg, averaged over 24 hours, is around 200-250 W/m“ for solar pond sites in the
western United States. About 20% of this energy is absorbed in the storage
zone. Figure 2-1 shows the typical depths of the three zones and the shape of
the temperature profile that arises.* The temperature distribution in the
gradient zone 1is generally nonlinear because of the nature of energy absorp-
tion in the zone. The salinity distribution is similar, giving rise to an
essentially uniform salt concentration in the convective surface and storage
zones. The fluid density, therefore, increases downwards in the gradient
region, resulting in the desired nonconvective circumstance.

Hs ~200 - 250 W/m?
/ (24-Hour Average)

000149

Surface 01-04m —3>» Temperature
Gradient 1-15m
05-3m
[ L ;l
< |

Figure 2-1. A Salt-Gradient Solar Pond

The flow field in the surface layer caused by heat rejection is qualitatively
shown in Fig. 2-2. Since the entering fluid is warmer and, hence, buoyant,
the flow stays mainly near the surface; the stable densi;y distribution

*Further details on the operation of a solar pond may be obtained from Elata,
Levin, and Hadar (1962), Elata and Levin (1965), Harris and Wittenberg (1979),
Nielsen (1976, 1979), Tabor (1980), and Zangrando and Bryant (1977).
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Figure 2-2. Flow in the Surface Layer Caused by Heat Rejection
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restricts the downward penetration. The heated fluid loses energy to the
atmosphere as it moves from the inflow to the outflow. Therefore, the problem
mainly involves horizontal convection and diffusion with energy loss to ambi-
ent rather than vertical transport, which is generally a greater concern in
heat rejection to natural water bodies such as the deep, stratified lakes
shown in Fig. 2-3. Most studies on power plant heat rejection to water bodies
discuss stratification characteristics and, in several cases, use vertical
one— or two-dimensional models. Simulating the natural water body and study-
ing the resulting thermal effect regarding the stratification cycle have been
particularly interesting [see Moore and Jaluria (1972), Jirka, Abraham,’ and
Harleman (1975), Mitry and Ozisik (1976), Spalding (1977), and Jaluria
(1979)]. Since the flow is predominantly horizontal, the horizontal transport
mechanisms and the surface loss have to be considered. Sehgal and Jaluria
(1979) considered horizontal recirculation caused by thermal discharge into a

water body, and some of their results related to this problem are discussed in
.E;EE(: . 2 .Z@ .

000151

10-5 m?/s
5 x 10 m#/s

Power Plant Heat
Rejection System

000462

Temperature (°C)

Se— > Outfall - »T /€, = Turbulence Level
- | Ts - To = Equilibrium Temperature
& ‘ * \J y —10 Il 1 1l
Average Flow/, ..o Temperature 0 120 540 360365
Profile ]
Intake Time (Days)
(a) Sketch of a thermal discharge system (b) Yearly temperature cycle of a natural lake

with delay in the onset of stratification

SOURCE: Jaluria 1979

Figure 2-3. Heat Rejection to Natural Water Bodies

The main concerns pertaining to heat rejection to the surface layer are:

e increase in surface temperature,

e increase in evaporation,

e increasc in temperature at the outflow,
e disturbance to the interface, and

e increase in the depth of the surface layer.
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These are related to the thermal field that arises in the surface layer. The
increase in the surface temperature and the consequent increase in evaporation
are important in evaluating the thermal impact of the rejected energy on the
surface zone. If the evaporation increase is beyond acceptable limits regard-
ing the make-up water needed, heat rejection to the surface layer will not be
desirable.

The increase in the temperature at the outflow is important, since this causes
an increase in the cooling water temperature for the power plant and a
decrease in plant efficiency. The outflow needs to be located where the tem—
perature increase is negligible. This will limit the size of the power plant
that can be cooled by a given pond.

The disturbance to the interface and the possible increase in depth of the
surface layer are important, since an increase in the surface mnixed-layer
depth decreases the energy reaching the storage layer and, hence, the operat-
ing temperature. Each centimeter increase in the depth of the surface layer
decreases the operating temperature by about 0.5°C. Let us first consider
some of the individual aspects of the problem and then determine the governing
mechanisms and parameters for the general circumstance.

2.2 SURFACE ENERGY EXCHANGE

Considerable information exists on the basic physical processes concerning
energy transfer at the surface. The dominant modes are solar heating, evapo—
ration, convection, and back radiation (Fig. 2-4). Under steady-state condi-
tions, the -total energy gained from the solar flux, conduction from the
gradient layer, and energy rejected by the power plant is lost by evaporation,
convection, and hack-radiation. In the absence of the power plant, the sur-
face temperature is at a value (termed the equilibrium temperature) such that
the net energy gained by the layer is zero at steady state. Thc temperature
increases to a new value when energy is rejected to the layer, so additional
energy is lost to the environment,

There are several, detailed studies on the surface exchange mechanism. For
lakes and ponds, the results of Raphael (1962), Edinger, Duttweiler, and Geyer
(1968), Hindley and Miner (1972), Ryan, Harleman, and Stolzenbach (1974), and
Noble (1981) may be used. For seas and oceans, the correlations employed by
Wada (1967a,b; 1968a,b) are based on detailed investigations of several work-
ers. From Raphael (1962) the correlations for the evaporative heat flux Hé,
the back radiation Hy ., and the convectivc heat flux H, are obtained as:

He = 21.7U0(pg - py) (2-1)
Hpy = 0.970(T4 - BT,4) ° (2-2)
He, = (0.0041)UP(Tg - T,) (2=3)
where
U = wind speed in m/s;
p = partial vapor pressure in kPa;
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P = atmosphere pressure in kPa;

¢ = Stefan—-Boltzmann constant is 5.7 x 10_8 W/mZKA; N

T = temperature in K where subscript s is surface and subscript a,
ambient;

H = heat flux in w/mz; and
B = constant dependent on cloud cover and ambient vapor pressure.

These expressions are valid for the usual range of velocities encountered in
practice. At very low velocities (less than 1 mph) natural convection becomes
important and the work of Ryan, Harleman, and Stolzenbach (1974) and Shah
(1981) may be used to determine the evaporative heat transfer flux. Simi-
larly, for surface evaporation in oceans, Wada (1967a,b; 1968a,b) gives the
convective heat transfer coefficient h in w/mzK as:

h = 11.6(0.46 + 0.2720) . (2-4)

For evaporation, the similarity between heat and mass transfer 1s used to
obtain the mass transfer coefficient. For example, if the wind speed 1is
10 km/h, the surface and ambient temperatures are 30°C, and the relative
humidity is 0.2, Eq. 2-1 gives H, as 206.2 W/mz. Using Eq. 2-2, back radia-
tion is 93.0 W/m for a clear sky for which B = 0.8 at 30°C and 0.2 relative
humidity (Raphael 1962)._ Convection is zero in this case. This also gives an
evaporation of 8.4 x 10-5 kg/mz—s, which amounts to 84 kg/s for a pond 1 km?
in area. If the surface temperature is 27°C with the same ambient conditionms,

000152

Legend
Hs = Solar Flux
He = Evaporation
He Convection
Hn = Back Radiation

He /H(,+HC+H.,r
e ) A /

'(Energy Rejected) 1

Conduction (Haq)
He + He + Huor = Hs + Ha + E/A, Steady State

Figure 2-4. Surface Energy Exchange
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H, = 160.8 w/mz, and evaporation from a 1-km? area pond is 65.5 kg/s, which
corresponds to 5.6 mm/day, a value that agrees with the observations of
Zangrando and Bryant (1977). Therefore, the natural evaporation increases by
about 9% if the surface temperature rises by 1°C.

The surface temperature under steady—-state conditions may be determined by
considering an energy balance of the surface layer. If we consider the sur-
face to be 27°C with the ambient at the conditions given above; Hy, Hbr’ and
H. are 160.8, 89.4, and -11.2 W/m“, respectively, the last quantity being a
convective gain. Therefore, the surface_energy loss is 239 W/m® at this tem-
perature. If the solar flux is 350 W/mz, the energy absorbed in the surface
layer, taking a 40% absorptiom, is 140 W/m“.

Similarly, the heat rejected from the power plant may be determined. For a
3-MW plant with 8% thermal to electric efficiency on a 1-km“ pond, the heat
rejected is 34.5 W/mz. Also, the heat conducted into the layer from the gra-
dient zone may be dotermincd. For « Lypleal temperature gradient at the
interface of 100°C/m, which is about twice the average gradient in the noncon-
vective zoune, this gives the c¢onduction from below as 63.7 W/m®, Thus, the
net energy loss by the surface layer is 239 - 140.0 - 34.5 - 63.7
= 0.8 W/m“, The equilibrium surface temperature, therefore, will be slightly
less than 27°C under these conditions, so the net loss by the layer is zero.
This 1s just an example of the computational procedure. It could easily be
programmed and the computer used to determine the steady-state surface temper-—
ature under specific conditions with and without heat rejection.

Figure 2-5 shows the surface heat loss as a function of the surface tempera-
ture for a natural water body. The curves are plotted for several wind speeds
assuming a clear sky, a relative humidity of 0.2, a solar flux of 200 W/m“,
and an ambient temperature of 25°C. These rnrves are for a decep lake and Lha
entire solar energy flux is absorbed in the water body and ultimately lost to
the environment. There is no energy extraction. The fremperature for scro net
surtace energy loss is the equilibrium temperature for a natural water body.
If heat rejectiuu vceurs, the surtace temperature rises till the surface
energy loss equals the heat rejected. The slope of the curve, at the equilib-
rium temperature, gives the overall heat traunsfer coefficient. A frequently
employed expression for the surface energy exchange is:

H= h(T, - 1), (2-5)

where H is the surface energy loss per unit area, h the heat transfer coeffi-
cient, T, the surface temperature, and T the equilibrium temperature, deter-
mined from curves similar to those in Fig. 2-5. For Cayuga Lake in New York
State, h 1s 16.56 w/mz—K during the winter and 24.61 W/m”=K during the summer,
with T, in °C given by: ’

Te = 10.67 - 16 .28 cos [%%?(T - 19)] . (2-6)

where T is time in days from January 1 (Moore and Jaluria 1972). TFor a solar
pond, the various energy transfer mechanisms may be studied numerically and h
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Figure 2-5. Heat Loss at the Surface of a Water Body as a Function of
the Surface Temperature for Various Values of Wind Speed

and T, determined. Both h and Te may be computed at various times during the
year without curve fitting as done for Ca%uga Lake. R%fults presented earlier
indicate that h varies from about 15 W/m“-K to 25 W/m“-K and a suitably com-
puted value may be used.

If the heat rejected to the solar pond per unit area is given, the average
surface temperature rise and the increase in evaporation may be determined by
using the treatment:freviously outlined. For a 34.5-W/m? heat rejection and h
computed as 20 W/m“-K, the average surface temperature increase would be
1.7°C, which is the typical temperature rise expected by heat rejection from a
3-MW power plant to a l1-km“ solar pond. The equilibrium temperature is 27°C
with heat rejection. Without heat rejection, it is about 27 - 1.7 = 25.,3°C.
If evaporation is calculated, the rise in temperature increases natural evap-—
oration approximately 15%. This increase is about 1% of the flow rate for
heat rejection with a temperature of 10°C between inflow and outflow. There-
fore, the surface energy exchange may be computed to determine the surface
temperature increase and the increase in evaporation caused by heat rejection.

The previous discussion was based on a steady-~state analysis. However, the
problem is time dependent since the ambient conditions vary during the day and
over the year, Therefore, a study of the transient behavior is important in
evaluating the performance of the solar pond. A quasisteady approach may be
adopted with the variation in the ambient conditions' taken as constant but
using different values over specified periods of time. This will yield
information on the behavior at various times during the year. For the
variation from day to night, the transient terms must be included
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(Foster 1971). If the surface layer 1s taken as isothermal, an energy balance
gives: . :

dT _ _ _
PCyV 3 = —HA (2-7)

where V is the volume of the layer, A the surface area, p the fluid density,
C. the specific heat, and H the net surface energy loss per unit area. This
gives the temperature variation with time, Generally, a significant tempera-
ture variation exists across the surface layer, and a two-dimensional, verti-
cal, transient model is more appropriate.

2.3 INTERFACE STABILITY

‘'he ettect of the heat rejection flow on the interface with the gradient zone
must be considered since a disturbance to the interface may increase the depth
vf the surface layer. Thickening of the surface layer reduces Lhe energy
reaching the storage layer, and each centimeter increase in depth reduces the
operating temperature ~0.5°C. The gradient layer is nonconvective, since the
density increases with depth because of the salt distribution, despite the
destabilizing effect of the temperature distribution. However, when heat
rejection sets up a flow field, the flow has a destahilizing effecct and tends
to overturn the stably stratified region. If the velocity is high enough, it
will overturn the gradient region to some depth, increasing the depth of the
surface layer.

A comparison between the stabilizing density gradient and the destabilizing
effect of the shear flow may be made using the local Richardson number Ri as
considered by Lofquist (1960), Miles (1961), Turner (1965, 1973), Moore and
Long (1971), and Crapper and Linden (1974), where:

.80 [(3u)2 i,
Ri = p 9z //<Sz> ’ (2-8)

where g is the acceleration caused by gravity, z the vertical coordinate, and
u the shearing velocity as shown in Fig. 2-6. The problem may be considered
In terms of the density and velocity gradients at the interface or the finite
density and velocity differences across the layer, as seen in Fig., 2-6.
According to the detailed study of Miles (1961) and discussed by Turner
(1973), the stratification is stable against the shear flow if Ri > 1/4. This
result, which is derived from various simplifying assumptions, has been used
extensively for studying the stability of stratified media. The c¢ritical
value of Ri varies somewhat for different flows [see Moore and Jaluria (1972)
who employed this criterion for natural lakes].

If we consider a heat rejection H of 34.5 W/m® to the surface layer and a
temperature difference AT of 10°C between the inflow and the outflow, the flow
rate Q for a l—km2 pond is:

10



RR-1393

- ZES
S=RI &
— K

000463
000154

u
Interface !

1Y

. a RPN a 2 ) ‘ . A
(a) Ri = g—pz/(a—zu) (b) ni= 9 e 4

p o
= 1/a, for stability _ 9210 Y
pAu

Ap

R S

=1/, tor stability

Figure 2-6. Interface Stability

This gives the flow rate as 0.89 m3/s. If a two-dimensional flow is consid-
ered with a slot width of 3 cm, the velocity at the inflow for a l-km x l-km
pond is 0.03 m/s. If a linear velocity drop to the interface is taken to
evaluate du/dz, Ri is estimated at 87.1 for a 20-cm—-deep surface ‘layer. This
value, which is obtained using a linear density variation across the gradient
layer of ~20% by weight over 1 m, indicates that the stratification is very
stable, and the flow is unable to overturn it. For Ri > 0.85, there is no
entrainment from the stratified region, which indicates the condition for neg-
ligible disturbance to the interface and requires that the flow channel cen-—
terline be at least 3 cm from the interface. If the inflow and outflow are
located at the surface, which is ~20 cm from the interface, disturbance to the
gradient zone will be even smaller. If the total gradient zone is considered,
‘as shown in Fig. 2-6b, the zone again appears to be extremely stable to the
shear flow.

The slot width and distance from the interface may be chosen on the basis of
stability. In general, the density gradient at the interface will be larger
than that approximated by the linear variation (see Fig. 2-1). The velocity
distribution also is not linear, and a polynomial variation may be considered
for greater accuracy. Note that the velocity gradient at the interface, cal-
cnlated as a linear variation from the maximum velocity at the inlet, 1is over-
estimated, since the flow spreads -out in the surface zone resulting In uuch
lower velocities. Therefore, the earlier estimates of Rl are conservative.

11
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2.4 TEMPERATURE DECAY AND RECIRCULATION

The circulating flow was sketched qualitatively in Fig. 2-2. A simple model
for studying the horizontal decay of temperature away from the inflow assumes
an isothermal surface layer. This is probably a fairly accurate model since
wind and surface waves do lead to convective mixing in this layer. For a two-
dimensional flow this assumption makes the problem one-dimensional and is
governed by the equation:

dT _ a2t H(x)
U—— = €g —5 —

dx dXz DCPD ’

(2-10)

where u is the averaged flow velocity in the direction of discharge x, ey is
the thermal diffusivity, H the energy loss per unit area, and D the depth of
the layer. The surface energy loss H obviously depends on the ambicent condi-
tions and the surface temperature. Figure 2-7 shows the typical temperature
decay away from the inflow for a pond 100 m long. The equilibrium Lemperature
is 25°C. At low heat-rejection rates, the outflow temperature remains
unchanged. For 1large values of heat rejection the outflow temperature
increases causing a corresponding increase in the inflow temperature for a
given temperature difference AT. This figure indicates the amount of heat
that may be rejected without significantly raising the outflow temperature.
Similarly, we can determine the minimum distance between inflow and outflow
that does not alter the outflow temperature if the heat rejected per unit area
is low enough to allow the heat input to be lost in a distance less than the
pond length. For a 34.5-/m“ heat rejection to a l-km x l-km solar pond, we
found that if the conduction term in Eq. 2-10 is neglected, the outflow should
he 400 m or more away from the inflow. A computer can solve the equation
including the diffusion term for more precise results. The eddy diffusivity
may be estimated from earlier studies; e.g., from the worke of Schgal and
Jaluria (1979), Wada (1967a,b; 1968a,b) and Foster (1971),.

Several investigators have studied the recirculating flow in enclosures caused
by the discharge of hot, buoyant fluid particularly for laminar flow. Wada
(1967, 1968), Park and Schmidt (1973), Oberkampf and Crow (1976), Cabelli
(1977), Sliwinski (1980), Gupta and Jaluria (1980, 1981), and Jaluria and
Gupta (1980) studied the recirculating flow in water bodics for various Fflow
configurations. Figures 2-8 through 2-10 indicate some of the results. Buoy-
ancy drives the flow upwards causing it to stay close to the surface, result-
ing in a sharp temperature drop away from the surface. This results in a
thermally-stratified surface layer with a emall temperature iucresase at the
interface, indicating a small disturbhance to the gradicnt sone, Tiguiw 2-10
shows the nature of the temperature profiles that may be expected. However,
these results are for the transient case. The steady-state results should be
similar since the input of energy is lost to the environment as the flow moves
away from the inflow. Mixing in the layer caused by winds and surface waves
tends to reduce this stable thermal stratification. But in regions close to
the inflow, up to about 100 m (obtained from the Richardson number criterion),
the thermal discharge provides stability against the mixing or convective
effects. Therefore, the temperature profiles would be of the form seen in
Fig. 2-10 near the inflow and fully mixed, or isothermal away from it. The
discharged flow is quite similar to a buoyant surface jet. This consideration

12
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is discussed 1o Sec¢, 3.2 in terms of the penctration of flow 1n energy
extraction from the stotrage zone.

2.5 GOVERNING PARAMETERS AND FUTURE WORK

The physical variables 1in the heat rejection problem are the ambient
conditions, location of inflow and outflow channels, and:

e total heat rejected H.,

e surface area of the pond A,

e flow rate @,

e ambient conditions P,

e height of flow channels hg,

e location of inflow. and outflow channels Z,

o depth and length of the surface layer D, L, and

e density gradient at the interface with the gradient zone 3p/3z.
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The governing equations are the continuity, momentum, and energy equatiouns for
a two-dimensional flow. A buoyancy term appears in the momentum equation.
With the Boussinesq approximations, the equations (Jaluria 1980) may be writ-—
ten as:

Ju, v (2-11a)
9Xx 9y
§2+uﬂl.+vﬂ=__l_3p_+\) _E_u_+ﬁ (2-11b)
9T Ix dy p 9x ax2 3y
ﬂ+u3‘_’+v3‘i=_l§£+\, _a_z_v+a_2_v. +gB(T—T) (Z—IIC)
aT 9x dy p dy Ix ay' a
3T 3T 9T o2T 327
——tus—t+ve—=0a|—5+ (2-114d)
3T 3x 3y <3x 3y2>

where

u,v = velocity components in the horizontal x and the vertical y direc-
tions, respectively;

T = timey
P = pressure;
v = kinematic viscosity;

o = thermal diffusivity; and

B

coefficient of volumetric thermal expansion.

For turbulent flows, both v and o are replaced by the corresponding sum of
molecular and eddy components (Jaluria 1980). The boundary conditions are the
no-slip conditions on the walls, slip conditions on the upper and lower bound-
aries with no normal penetrative flow, adiabatic conditions on the walls (or
an energy transfer, if known), surface energy exchange at the top surface, and
conduction gain at the interface with the gradient layer. The top and bottom
surfaces may be taken as known streamlines. This is obviously a fairly com-
plicated problem and could be solved by finite-difference methods on a com—
puter. However, we shall consider the basic features of the problem here and
discuss the governing parameters.,

If Eqs. 2-1lla,b,c,d are nondimensioned with the characteristic inlet velocity
and the height of the inflow channel, the three dimensionless parameters that

arise are:

u,h,/v = Reynolds number (Re);

Uo/(gBhoAT)l/2 Froude number (Fr); and

n/1.

1

aspect ratio.
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In addition, the Richardson number Ri defined in Eq. 2-8 becomes an important
parameter that characterizes the stability of the interface and determines if
the assumption of no flow mnormal to the interface is valid. WNote that Ri may
be described as Ri = 1/Fr2, if a linear variation across the layer of height h
is taken for p and u. However, the two are kept distinct hecause Fr is con-.
sidered at the entrance and Ri in regions far from the inlet. For a labora-
tory study, these parameters must be simulated. However, a condition of
Ri 2 1.0 would be adequate for modeling a stable interface in the laboratory,
even if Ri is much larger in actual pond conditions. Similarly, in turbulaent
fluw Lhe Reynolds number only has to be large enough to give rise ta a fully
turbulent flow. The results would probably be quite sensitive to all three
parameters, Re, Fr, and D/L, and it would be desirable to simulate them in the
laboratory as closely as possible. However, if an analytical study 1is done
concurrently with the experiments, the analytical madel initially may be uacd
to predict observations in the laboratory and then used, with modifications,
to predict actual conditions in a pond.

Also note that it 1is difficult to simulatc energy exchange mecchanisms at the
surface because of differeant ambient conditions, surfuce waves, and wlud
effects. The heat transfer coefficient may be approximated by providing a fan
or a blower, but differences would remain and an analytical study would be
desirable. 1In the laboratory, the resulting thermal and flow fields could be
studied, providing information on the effect of the flow on the interface aund
on the various other aspects discussed earlier. The transient aspects could
best be studied in the laboratory; but analytical work is required to answer
several important questions raised in the earlier discussion. Table 2-1 sum-
marizes the important conclusions obtained in this preliminary study.

Table 2-1. Summary of Results for Heat Reijection

(3-MW plant on l-km2 pond with Lleruwal to
electric efficiceney ny = 8%)

1. Average surface temperature rise is about 2°C.

2. Increase in evaporation is about 1% of flow rate.

3. Surface energy loss 1is mainly due to evaporation and back
radiation.

. Intertacc is stable.

5. Outflow must be more than 400 m fram inflnw,

6. If Fr £ 1.0, there is no entrainment.

7. TFlow establishes in a few hours.

8. Intlow/outflow must be near surface.

9. Basic parameters are Re, Fr, D/L, Ri.

10. Further analysis on periodic behavior is needed.
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SECTION 3.0

ENERGY EXTRACTION FROM THE STORAGE ZONE

3.1 THE PROBLEM

Energy may be extracted from the storage zone of a solar pond by using a
recirculating fluid flow or by placing a heat exchanger in the storage
layer. Nielsen (1976) uses the latter method, which relies on natural convec-
tion and requires a heat exchanger with a large surface area. In addition,
immersing the heat exchanger into the pond causes cleaning and maintenance
problems. :

This section addresses the method of recirculating storage brine through an
external heat exchanger. Two flow configurations are shown in Fig., 3-1. The
Lop—to-bottom configuration is more desirable because it reduces piping costs,
particularly for large ponds, and also reduces energy loss in the pipes. How-—
ever, one must determine how far this flow penetrates into the storage zone
before it recirculates to the outflow port. Since the flow must pass over the
entire storage layer to extract energy, one must determine the maximum size of
pond for which this configuration remains efficient. In the end-to-end
configuration, the flow recirculates over most of the storage layer and,
therefore, is suitable for energy extraction. The following sections describe
the basic features of the two flow configurations and give preliminary infor-—
mation on the effect these will have on solar pond performance and energy
extraction,

000457
00C138

| Interface | interface
Hot — (.-j
S« ﬁg«\\\ = Storage

Storage Layer

Layer
Cold — — L_ -
Inflow '

(a) Top-to-Bottom Configuration (b) End-to-End Configuration

Figure 3-1. Flow Configurations for Energy Fxtraction
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3.2 PENETRATION OF FLOW INTO THE STORAGE LAYER

For the top—~to-bottom flow configuration, it is important to determine the
distance in the storage layer that the recirculating flow penetrates. It
involves analyzing the coupled temperature and flow fields governed by
Eqs. 2-1lla,b,c,d. The salt concentration is essentially uniform in the stor-
age zone, so the problem may be treated using the thermal effects alone. How-
ever, the fluid is more dense in the storage layer than in the surface
layer. Solving the governing partial differential equations is fairly compli-
cated; therefore, it is desirable to estimate the penetration, which may be
obtained from earlier studies on various idealized circumstances. Since no
one has studied the recirculating flow in the storage zone in any detail, we
will use the results of work done on heat rejection with modifications.

Among the most relevant studies of thermal discharge to water bodies are thonse
coucernlng the surface buoyant jet, which has baeen considered by Jen, Weigel,
and Mobarek (19AA), Tamai, Wiegol, and Tormberg (1969), Kuh (1971), Stolzen-
bach and Harleman (1973), Engelund (1976), Wiuff (1978), and McGuirk and Rodi
(1979). This flow is very different from the nonbuoyant jet considered by
Morton (1959), Abraham (1965), and List and Imberger (1973). The main dif-
ference is in the entrainment and consequent spread of the flow. Figure 3-2
shows a sketch of a two-dimensional, surface buoyant jet. As the fluid enters
the water body, it entrains fluid, and the velocity and the temperature in the
flow decrease. At a distance x from the source, the local Richardson number
is defined as:
Ap d

Ri = g_F;-U_Z (3"1)

where Ap is the density difference from the amhient water medium, d the thicl-
ness of the flow region, and U the mean velocity in the flow. Ri may be
defined as 1/Fr2. The entrainment into the flow depends on Ri.

Some studies have shown an interesting result concerning flow in stratified
media. If the local Richardson number is greater than ~0.85, or the 1local
Froude number is less than ~1.,08, the entrainment of ambient fluid into the
flow is negligible [see Ellison and Turner (1959), Wada (1967a,b; 1968a,b),
Koh (1971), and Turner (1973)]. Therefore, as thc flew slows duwu bLecause of
entrainment, the jet ceases to entrain, and a two—-layered, stratified flow 1s
set up. Beyond this point, shear forces and heat loss from the buoyant flow
determine flow behavior. If good mixing is desired, Fr at the inlet should be
kept large, and if a large penetration with negligible mixing is desired,
Fr < 1.0. Figure 3-3 shows the spread of a two-dimensional jet and the
decrease in temperature away from the inlet. The flow attains an almost con-
stant thickness away from the inlet. These curves represent negligible heat
loss; however, they do continue the interesting trend shown in Fig. 3-2. For
very low Fr, the source is inundated, and the flow is simply a two-layered,
stratified flow. Figure 3-4 shows the dependence of the velocity, tempera-
ture, and jet thickness on the entrance Richardson number Ri . We observed
trends similar to those of Fig. 3-3 with the spread decreasing as Ri
increases. These results indicate the tremendous importance of the entrance
Froude number on the flow pattern downstream. Figure 3-5 also shows the
effect of Fr on the entrainment and the resulting flow rate downstream.
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Figure 3-5. Dependence of Entrainment apnd Downstream Flowrate
on the Froude Number Fr (Fr’ = 1/Ri)

If a slot width of 1 cm is considered for a flow of 1073 m3/s—m, Fr equals
4,4, This and all other calculations given in this report use the fluid prop-
erty data obtained from the Saline Water Conversion Engineering Data Book
(Office of Saline Water 1971) and Kaufman (1960). Therefore, with a slot
width of 1 cm the jet behaves as shown in Fig. 3-2. However, if a slot width
of 3 cm is taken, Fr equals 0.845, which corresponds to an entrance Ri of 1.4,
leading to negligible entrainment and greater penetration of the flow. Two-
layer stratification is expected in this case with energy exchange and shear
at the flow boundaries determining the flow pattern. As long as the local Ri
is greater than 0.85, there should be no entrainment. Shear reduces the
velocity and, thus, increases the flow thickness, leading to a larger value of
Ri, whereas energy loss to the enviroument reduces the density difference and
tends to decrease Ri. Therefore, it is important to determine the rate of
temperature and velocity decrease and the increase in flow thickness. Since
Ri « AT, where AT is the temperature difference between the flow and the
ambient, AT must decrease by about 40% in the absence of shear for Ri to
decrease from 1.4 to 0.85. 1In practice, of course, shear tends to increase
Ri, and the distance needed for Ri to attain a value of 0.85 is much larger.
Researchers have also considered thermal discharge into stratified media, and
Fig. 3-6 shows the nature of penetration as obtained by Darden, Imberger, and
Fischer (1975).

Heat extraction involves a cold water inflow near the bottom of the tank and a
hot water outflow from a port located below the interface with the gradient
zone, as shown in Fig. 3-1. Therefore, the inflow of cold water is similar to
the buoyant surface jet flow except for a solid boundary being present at the
bottom and, consequently, a larger surface shear effect. The inflowing water
is heavier than the ambient hot water in the storage layer. Because of energy
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gained from the solar flux absorbed at the bottom and of conduction from
above, the inflowing water heats up as it moves away from the inlet.

Let us consider a two—-dimensional flow with a flow rate Q of m3/s-m and a
temperature defect from the ambient hot fluid in the storage layer of (AT)o at
the entrance. If Fr { 1.0, the entrainment from above %f negligible, and a
constant flow rate is maintained. If the flow gains q W/m“, caused by heating
from below and the energy transfer from above, the temperature difference AT
at a distance x from the inlet is given by:

AT = (AT), - p—éﬂq . (3-2)
p

This equation is valid as long as there is no entrainment. Conduction in the
flow direction is also neglected. The energy gain from below is about_207% of
the incident solar flux at the surface. This gives a value of 40 W/m“. The
estimate of energy transfer from above caused by the existing stable stratifi-
cation is more involved. The flow thickness varies from the slot width to a
depth of approximately half the height of the storage layer. The temperature
defect also varies from a typical inlet value ‘of 10°C to-a much smaller value
at which entrainment and continuity make the flow turn back towards the out-
flow channel. The source would be inundated if Fr { 1.0; therefore, deter-
mining the energy transfer to the flow from above requires further information
on flow spread, temperature, and velocity decay. In the absence of this
information, the transfer of heat from above may be estimated near the source
by considering a temperature field spread of ~5 cm (for a slot width of 3 cm)
and far from the source by assuming the spread to be half the height of the
storage zone. The former gives a heat flux of about 120 W/m“, and the latter
about 1 W/m%. One may thus take an average of 60 W/m® added to the gain of
40 W/m® from below. Then, with a total heat input into the flow of 100 W/m“,
a distance of 400 m is needed (from Eq. 3-2) to lose the entire buoyancy
effect.

The estimated distance over which the flow loses its buoyancy defect might be
improved by considering the temperature—dependent heat conduction from
above. An exponential temperature decay arises in that case and, again, about
400 m are needed for the buoyancy defect to be negligible. This is the maxi=
mum penetration to be expected. Shear and pressure, which are caused by the
basic conservation principles as embodied in Eqs. 2-1lla,b,c,d, will reduce it.

The shear effect on the flow may again be estimated by using a simple model
based on the no-entrainment situation for_ Fr < 1.0. Let us consider a slot
width of 3 cm and a flow rate of 1072 m?/s, which implies a total flow of
1 m’°/s over a l-km-wide pond. The inlet velocity is 3.3 x 107° m/s, the coef-
ficient of viscosity u is 6.3 x 107" kg/m-s, and the shear stress at the bot-

tom is p du/dy, where y is the vertical coordinate. Since there 1s no’

entrainment, the flow rate is constant at 10 m?/s. For example, let us cal-
culate the distance L needed for the velocity to drop to one-third the value
at the inlet. At this velocity level, the spread of the flow must be 9 cm to
conserve the flow rate. Estimating the velocity gradient is difficult because
we do not know the actual velocity profiles in the flow. However, it may be
estimated as U/d, where U is the average velocity level over a given distance
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and d the average half-depth of the flow. For a two-layered flow, one expects
an essentially linear profile, and this estimate should be reasonable.

The principle of momentum force halance says
(Mass flow rate) x (decrease in velocity) = (force acting on the fluid); (3-3)

therefore,

-2
1.0887 x 103 x 10-3) x[2 x 3.3 x 1072)=(p.3 x 10=4 x 222X 1077} |
3 3 x 102

or L = 51.8 m.

One can easily show that the pressure effect is negligihle cnmpared to the
shear torce. Similarly, one can show that the distance L for the velocity to
drop to one—tenth the value at the inlet is 233 m. The estimate for the shecar
stress 1s probably higher than the actual value, since the source would be
inundated and the depth of the flow in the region near the source would be
larger than the slot width. The temperature defect at_233 m is about 4°C, as
obtained from Eq. 3-2. The velocity level is 3.3 x 107”7 m/s and the spread of
the flow 1s 30 ¢cm. One can show that Ri > 0.85, and no entrainment occurs in
the flow. Since a negligible buoyancy defect is expected beyond 400 m, Ri
must drop below 0.85 before that, and entrainment will occur leading to a
rapid mixing and recirculation of the flow to the outlet. One could calculate
the velocity level and the flow spread up to 400 m. However, the presence of
the outflow would cause recirculation, and, as the buoyancy effect and the
velocity level decrease, the flow turns back after penetrating a certain dis—
tance into the storage layer. Some of these considerations are outlined in
Sec. 3.3.

3.3 FLOW RECTRCULATLION

The penetration of the flow into the storage layer largely was considered as a
cold, stratified layer flowing under a warmer, lighter fluid in the storage
region., Considering the flow as being stratified into two layers or as a sur-
[ace jet assumesg that no outflow exists that would affect the flow. However,
in actuality, an outflow port is located at the other end of the pond for the
end-to—end extraction or above the inlet on the same side for the top—-to-bot-
tom extraction. In both cases, the antflow affocto the flow patleru cunslder—
ably, and a recirculating flow arises, as shown in Figs. 3-7 and 3-8 for a
heated discharge into an enclosed water body.:

The recirculating flow, even if a heated discharge, has received very little
attention in literature, despite its tremendous importance in designing such
systems. Wada (1967a,h; 1968a,b), Oberkampf and Crow (1976), Cabelli (1977),
Sehgal and Jaluria (1979), Jaluria and Gupta (1980), and Brocard and Harleman
(1980) have done some work in this area., The work of Wada (1967a,b; 1968a,b)
largely relates to heat rejection in oceans; the other studies pertain to the
laminar flow under certain idealized conditions. Essentially no work has been
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Figure 3-7. Two—Dimensional Horizontal Flow with Intake and Outfall on the

Same Side for Various Values of the Aspect Ratio D/L of the Water
Body
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Figure 3-8. Steady—State Solution at Gr/R.e2 = 12.3, Re = 50 (Fr = Re/Grl/z)

done on the energy extraction problem. The work of Lavan and Thompson
(1977), although related to energy extraction, uses a very small tank and does
not consider the recirculating flow.

In the top-to-bottom configuration (shown in Fig. 3-7), the flow only pene-
trates a certain distance into the storage zone leaving the remaining portion
essentially unused for energy extraction, It is necessary to determine this
distance and to study energy extraction from the region in which the flow is
negllgible, Figure 3-9 shows this situation qualitatively. Solar flux is
absorbed also in the region on the right where there is essentially no flow.
This absorbed energy is to be extracted largely by natural convection, arising
due to horizontal temperature gradients. The aspect ratio D/L of this regiovn
is very small, and the horizontal temperature differences lead to a weak natu-
ral convection flow [see Bejan and Tien (1978) and Bejan and Imberger
(1979)]. The temperature profiles are expected tn he as shown. The heat
transfer coefficient for energy transfer from the right to the flow region on
the left may be determined from the above references.

Bejan and Tien (1978) give the heat transfer correlation for a long horizontal
cavity as:

q = hAT = = AT 1 + [(—R‘”—/Ii)—z-]% (0.623 Ral/51/pynt 1/0 (3-4)

362880

o=

where

q = heat transfer per unit area across the horizontal cavity,
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Figure 3-9. Energy Extraction from Region with Negligible Flow

AT = temperature difference,

k = fluid thermal conductivity,
Ra = Rayleigh number defined as

| Ra = gBD3AT/av, and (3-5)
n = -0,386,

The heat transfer coefficieat h may be determined from this equation. Since
the aspect ratio D/L is very small, the last term (in parentheses) dominates,
giving the boundary layer regime for which the heat transfer coefficient is
given by:

h = %-0.623 Ral/5 (3-6)

Equation 3-6 gives h as 55 W/m? K for AT = 1°C and 87 W/m? K for 10°C. 1If a
temperature difference of 10°C is allowed in the region on the right, we may
determine the length of the region £ from which the absorbed solar energy is
extracted. For a solar flux absorption in the storage layer of 40 W/m“, the
energy absorbed over a length & is 402 W/m. Equating this to the convective
energy transfer to the flow region on the left gives

408 = 87 x 10 x D .

For D=1 m, this gives £ = 21.8 m. Therefore, the energy absorbed over
21.8 m of thé region of the -right is extracted by the recirculating flow due
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to natural convection, assuming a 10°C allowable temperature drop. This indi-
cates that one might expect the thermal effects to penetrate ~25 m beyond the
region of the recirculating flow because of natural effects arising from the
horizontal gradients. Wind-induced mixing and surface waves tend to increase
this distance.

In the top-to—-bottom flow configuration, omne has to consider the effect of an
outflow channel on the cold fluid flowing into the storage zome. Yih (1958,
1960), Debler (1959), Kao (1963, 1965, 1976), Koh (1966), Wood (1963), Tmher-
ger (1972), Pao and Kao (1974), Imberger and Fandry (1975), Imberger,
Thompson, and Fandry (1976) and Bryant and Wood (1976) considered various
aspects of withdrawal from a stratified environment and determined conditions
under which only the fluid at the same horizontal level as the outflow channel
is withdrawn (selective withdrawal). Turner (1973) and Yih (1980) discuco the
basic features of this problem on the basis of these various studies.

Of particular interest is the spreading of thc flow away from the withdrawal

port. For a two-dimensional f%?g, Koh (1966) showed that thc thickne?73of the

withdrawal layer § varies as x and the velocity level variecs as x The
variation of § is given as:
§ = 7.14x1/3/a, (3-7)
where
1 3p
(!o = (ag/a\))l/6 and € = - E—a—)—; (3"8)

(¢ is the thermal diffusivity). For the present prohlem, if the donsity
ditference is taken for a temperature difference of 10°C, it can be shown that
§ = 35.7 cm at x = 100 m and about 45 cm at 200 m. At x = 1000 m, the spread
of the flow is predicted to be 76.7 cm. Koh (1966) also compared his
analytical results with experiments over the Re range of 0.3-100.4 and found
good agreement. At larger Re, typical of ponds, the spread may be lower, as
with boundary layer flows. Also, at the onset, withdrawal is from an
unstratified medium, which gradually becomes stratified over time.

Farlier, the spread of the rnld layaer at the bottom was estimaled Lu be 30 e¢m
at 233 m. At this distance the withdrawal layer is estimated to he 47.3 cm.
Therefore, for a storage layer 1 m deep, the two layers are expected to meet
at a distance of about 350 m from the inlet. Recirculation occurs before the
two layers meet because of the pressure field set up by considering continu-
ity. The outflowing fluid pulls at the inflowing fluid, and continuity leads
to the recirculation. Therefore, an estimate of the flow penetration into the
storage layer may be taken as 300 m. For more accurate information on the
penetration, the coupled flow and thermal fields must be solved numerically.

For the end-to-end extraction, the flow is as shown in Fig. 3-8. The cold,
entering fluid stays near the bottom because of the buoyancy defect. Far from
the inlet, when the buoyancy defect is small, the fluid rises to flow out of
the tank. If the inflow is above the bottom, which is generally the case, the
flow drops to the bottom because of the buoyancy defect, as studied by
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Riester, Bajura, and Schwartz (1980) and shown in Fig. 3-10. The cold fluid
then flows along the tank bottom towards the outlet. In this configuration,
much of the fluid above the inflowing cold fluid is left untouched. Also,
penetration of the flow into the storage layer is not a concern because a
smaller penetration has less effect on the outflow temperature. Therefore,
the entrance Froude number should be 21.08 so that the flow entering the
storage layer mixes with the surrounding hot fluid and loses the buoyancy
defect in a short distance. This is more important at night since there is no
heat input because of the solar flux, and if good mixing is not ensured, the
flow may convey the cold fluid to the outlet causing a temperature drop
there. This condition of Fr > 1.08 is contrary to that for the top-to—bottom
configuration, where the buoyancy defect must be. maintained to have a larger
penetration. If good mixing of the entering fluid is ensured for the end—-to-
end configuration, a simple plug flow model may be used to determine the
propagation of the thermal effects.

3.4 INTERFACE STABILITY

The stability of the interface between the storage and the gradient zones is
very important in evaluating the effect of the flow on the nonconvective
zone. A condition of Ri » 0.85 ensures negligible entrainment into the flow
from the stratified nonconvective zone. For a flow of 1 m”/s over a width of
1 km, with a 3-cm slot width, one can easily show that the interface would be
stable if the ports were located more than 3 cm from it. However, as seen in
Fig. 2=1, the density gradient is much weaker at the interface between the
storage and the nonconvective zones than between the surface and the noncon-
vective zones. Zangrando (1979) observed that the density gradient at the
lower interface is about half the average gradient across the nonconvective
zone. This implies that the ports should be located farther away from. the
interface, If the concentration gradient at the interface is taken as 10% by
weight per meter, about half the average gradient in the nonconvective layer,
a distance of 4 cm between the centerline of the outflow port and the inter-
face gives RL = 1.07. Since the density gradient at the interface may still
be even weaker in certain cases, a distance of more than 6 cm may be necessary
to stabilize the interface.

Since the velocity increases 1i1f the slot width is decreased, the separation
between the flow channel and the interface would have to be larger to maintain
the stability of the interface. A distance of 10 cm would be needed for a
slot width of 1 cm for the same flow of 10~ mz/s. Previous discussions
(Sec. 2.3) on interface stahility indicate that flow diffusers must be
designed and located suitably to have a negligible disturbance on the
interface. Spreading out the inflow to obtain a two-dimensional flow pattern,
increasing the slot width, and locating it as far as possible from the
interface would not disturb the nonconvective zone. Discharging the same flow
through a single pipe or locating the diffusers very near the interface would
disturb the interface.
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SOURCE: Riester et al. 1980

Figure 3-10. Trajectories of Horizontal Buoyant Submerged Jets
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3.5 GOVERNING PARAMETERS AND EXPERIMENTAL MODELING

Equations 2-lla,b,c,d describe the recirculating flow for a two-dimensional
model, Since the 1inflow 1is at a lower temperature than the ambient water in
the storage layer, the buoyancy term in Eq. 2-llc will be negative if x is
taken horizontally and y vertically upwards. The boundary conditions are the
no-slip conditions at the walls and bottom, the slip condition at the inter-
face with no flow penetration, the adiabatic condition at the walls, heat flux
input at the bottom caused by solar input, and conductive heat loss at the
interface. If the governing equations are nondimensioned, the dimensionless
parameters obtained are Re, Fr, aspect ratio D/L, and the Richardson number at
the interface. The Richardson number must be greater than 0.85 to ensure neg-
ligible entrainment from the nonconvective zone and, thus, an undisturbed
gradient layer.

For an experimental modeling of the energy extraction process, Re, Fr, and D/L
must be simulated with Ri » 0.85 at the interface. For the end-to—end extrac-
tion, Fr 2 1.0 ensures entrainment into the entering flow and, thus, a rapid
decay of buoyancy effects. Except for this, Fr is not critical to an experi-
mental modeling of the end-to-end flow configuration. Thus, Re is the most
important parameter and even a zero buoyancy defect (Fr * ®) circumstance
would allow a satisfactory simulation of the actual conditions. With good
mixing at the inlet, even D/L is not a very important parameter, as long as L
is large enough to allow the mixing to be completed before outflow.

The top-to—bottom configuration is much more complicated. The Reynolds number
characterizing full-scale solar ponds must be reproduced in the laboratory so
that the flow pattern, turbulence level, etc., are simulated. However, for a
fully turbulent flow, Re might only have to be large enough to obtain turbu-
lent flow in the laboratory. Since a large penetration is desired, Fr { 1.0.
This leads to a minimum value of AT for a given flow rate, which 1is itself
determined by Re. Therefore, the zero buoyancy defect case 1is not of much
value. The slot width and AT must be chosen so that Fr £ 1.0, and since
attempts will be made to achieve this condition in actual ponds, the flow rate
and AT in the laboratory will have to be close to those under actual pond
conditions. :

Another parameter e, which may be termed the energy extraction parameter, is
"defined as:

e = Eg1/(pCQ0T) (3-9)

where Egq 1is the solar energy absorbed in the storage layer. This parameter
compares the energy put into the layer with that extracted from it. In actual
ponds, e would be close to unity. In the laboratory, the extraction is close
to that of an actual pond since Fr and Re are kept essentially the same. How-
ever, the total energy absorbed in. the storage layer depends on the pond sur~
face area. Since the heat flux per unit area 1is the same, the total energy in
the laboratory is much less because of the much smaller surface area. There-
fore, in the laboratory e generally will be much less than unity. This means
that energy is extracted from a storage layer with almost no energy input and,
therefore, a continuous operation 1is not possible. A constraint on the
operating time exists and 1s determined by the timc required when a
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significant temperature drop 1is observed at the outlet, Therefore, a
transient problem has to be studied in the laboratory to simulate the
continuous energy extraction from an actual solar pond.

Some work has been done on discharging warmer or colder water into initially
isothermal water contained in a tank. Lavan and Thompson (1977) investigated
energy extraction from a tank of hot water and studied the outflow temperature
as a function of time. Figure 3-11 shows a typical variation obtained for the
conditions indicated. The outflow temperature remaine wunaltercd for about
6.5 min and then drops very sharply. This indicates that the cold fluid acts
as a plug, causing the outflow temperature to drop rapidly as the cold front
traveling upwards reaches the outflow port.
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Figure 3-11. Typical Trace of Exit Water Temperature

Gupta and Jaluria (1980) observed similar behavior for a thermal discharge at
the top ot the tank and an outflow at the bottom, as shown in Figs. 3-12 and
3-13, The outflow temperature remains unaltered up to a physical time of
about 4 h. The flow rate for this experiment was 0.675 x 1072 m”/s, and the
total volume of the water was 0.1548 m>. 1If a plug flow is assumed, the time
taken for the hot fluid to reach the bottom may be determined by employing the
average vertical velocity as Q/A. Therefore, the time it takes for thc heated
fluid to traverse the depth D is given by:

1= DI(Q/A) = Vo /Q (3-10)
where V_ is the volume of the water body and Q the flow rate. For Figs. 3-12

and 3—f§, this time is estimated as 6.4 h., Therefore, the plug-flow model
roughly estimates the time it takes the thermal effects to reach the outflow
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Figure 3-12. Transient Behavior of the Temperature Profiles with Inflow and
Outflow Located at the Top and Bottom, Respectively

location. Repeating this ngcegs for the laboratory case, a time of 2.8 h is
estimated for a flow of 10 m~/s and a storage layer volume of 10 m°. 1In
view of the discrepancy between the estimated time (6.4 h) and the actual time
shown in Fig. 3-13, a time of about 1.8 h may be expected in actual experimen-
tation before a sharp temperature drop is observed at the outflow.

The time constraint arises because the energy extraction levels of a full-
sized pond are being simulated in the laboratory to obtain the same Re and Fr;
however, the energy input into the storage layer is much smaller in the labo-
ratory begfuse the area of the tank is much smaller. If a flow per unit width
of 10_3 m~/s-m.in a l-km“ surface area pond is simulated, the extraction
parameter e is ~0.01 for an actual pond ! km long, whereas the labouralury
facility is ~10 m in length. If,_?owgver, e is kept at 1.0 in the laboratory,
the corresponding flow rate is 10 ° m”/s-m. This makes the Froude number much
less than 1.0 and, hence, avoids entrainment into the cold inflowing water.
But it gives a much smaller Fr, one-hundredth the value for the full-scale
pond conditions, which is more stable. The main problem, however, is that Re
is ~20 in the laboratory and ~2000 for the continuous operation in the actual
pond. Therefore, laboratory and pond flow are quite different.

The mixing effect and the disturbance to the interface would also not be
modeled satisfactorily in the laboratory. It is possible to adjust the
physical variables of the problem, particularly Q, AT, and h,, to
experimentally simulate actual pond conditions keeping the physical
constraints satisfied. Thus Ri > 1.0 at the interface, Fr { 1.0 at the
inlet, and Re should be large enough to give a similar flow pattern.
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Figure 3-13. Outflow Temperature versus Time with Inflow and Outflow Located
at the Top and Bottom, Respectively

For a flow of 10—5 m3/s—m, the energy extraction parameter e is 1.0 and a con-
tinuous operation of the laboratory system is possible. Even if no energy
input into the storage layer onccurs, the plug-flow model gives an operation
time of several days. Therefore, simulating the actual system by keeping Re
and Fr the same leads to a time constraint. If e is kept as unity, the flow
and thermal fields are only partially simulated. Oberkampf and Crow (1976)
and Cabellil (1977) obsetve that the flow takes a long time to be fully estah-—
lished. 1In a very short time (minutes) the flow apparently establishes a pat-
tern that changes very gradually because of the diffusion of thermal
effects. Therefore, when operating with Re and Fr corresponding to the full
pond conditions, one has to contend with gradually varying thermal and veloc-
ity fields. However, the experiments would indicate the level of mixing, the
effect on the interface (at least for short-term peaking power circumstances),
and the flow pattern that arises.

The aspect ratio D/L is also an important parameter in the top-to—bottom con-
figuration. The flow pattern, recirculation, and flow penetration stongly
depend on the aspect tatio; but it is extremely hard, ‘if not impossible, to
attain low aspect ratiogs in the laboratory. A full-scale solar pond may have
an aspect ratio of 10 ° while in the laboratory it would be ~0.1. The depth
of the storage layer cannot be scaled down to one-hundredth its wvalue in
actual ponds if the length is scaled down this far. Therefore, it becomes
necessary to study various aspect ratios and determine the effect they would
have on the flow. An extrapolation to the aspect ratio typical of a full-

sized pond may then be possible.
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From this discussion, it is apparent that an experimental modeling of the end-
to—end configuration may be carried out quite satisfactorily as long as some
of the essential constraints are satisfied, such as Ri 2 1.0 at the interface.
For the top-to-bottom configuratoun, the question is more complicated, and a
complete experimental modeling of the full-scale solar pond does not appear
feasible. However, if the essential constraints are met, some flexibility in
the choice of the governing parameters exists, and the basic aspects of the
flow may be studied. 1In this case, it is important to add an analytical model
to the experimental study to confidently predict the expected behavior in
full-sized ponds. Table 3-1 lists some of the important results obtained in
this preliminary study of energy extraction. Further analytical work may be
undertaken after obtaining some experimental results.

Table 3-1. Summary of Results for Energy Extraction
(1-km“ pond, l-m’/s flow from a 3-cm slot)

Interface is stable. .

If Fr { 1.0 penetration is ~300 m.

Top-to—bottom extraction is feasible for small ponds.
Inflow/outflow must be about 6 cm away from interface.
There is a time constraint for experimental study.
Flow establishment takes a few hours.

Basic parameters are Re, Fr, Ri, D/L.

End-to-end extraction may be studied with AT = 0.
Experimental system simulates top-to-bottom extraction
partially.
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SECTION 4.0

CONCLUSIONS

The purpose of this study was to evaluate the effects heat rejection and
energy extraction would have on the performance of the solar pond and to
obtain preliminary data on the feasibility of top-to-bottom recirculating
flow. This study was based oh earlier studies mostly on heat rejection from
power plants to water bodies, such as ponds and lakes, and on simplified
models.

Considerable information exists on heat rejection from power plants to water
bodies using a recirculating thermal discharge. Much of this information can
be used with modifications for this study. The most relevant investigations
are those concerned with the surface energy exchange, the surface jet flow,
recirculation in enclosed regions, and the stability of and the flow in a
stratified medium. The problems under consideration have received essentially
no attention in the 1literature. But related experimental and numerical
results may be used to predict the anticipated flow field and the thermal
effects in the surface layer as well as in the storage zone.

For both problems, physical variables were used to determine the governing
dimensionless parameters. On this basis, the stability of the nonconvecting
gradient zone and the nature of the resulting flow was determined. An inter-
esting result from the fundamental studies on flow in stratified media is the
decrease in entrainment of ambient fluid in a flow with the Richardson number,
which compares the gravitational effects with those caused by the flow. For
Ri > 0.85, the flow does not entrain the ambient fluid, and the flow rate
remains unchanged. This will also occur if Fr 1.0 for linear variations in
density and velocity. This is important since it means that the entering flow
is not mixed with the ambient fluid 1leading to a much greater flow
penetration.

The heat rejection problem was considered, including evaporation, radiation,
and the flow that arises in the surface layer. A 3-MW power plant on a l-km“-
surface area pond with a thermal-to-electric efficiency of 8% gives a heat
rejection of 34.5 W/m“ into the surface layer. Table 2-1 gives some of the
results obtained for this value, which is typical of solar pouds in the west-
ern United States when considering a 24-hour yearly average of the incident
solar flux. The average surface temperature rises by ~2°C, leading to an
increase in evaporation that is ~17 of the flow rate, or ~17%Z of the natural
evaporation. Evaporation and back radiation mainly cause the energy lgss,
which gives a surface heat transfer coefficient in the range 15-25 W/m“ K.
The exact value is determined by considering various energy exchange mecha-
nisms. The interface with the gradient zone is quite stable if the diffusers
are spread out to obtain a two—dimensional flow and are located near the sur-
face. The outflow must be at least 400 m from the inflow, so that enough dis-
tance is provided for the input energy to be lost to the environment and the
outflow temperature to remain unaltered. If Fr is maintained at <1.0 at the
inlet, there is no entrainment for ~300 m from the inlet. This reduces the
disturbance to the interface and allows the hot fluid to float at the surface
losing energy to the atmosphere at a greater rate. The problem is time
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dependent because of the wvariation in the ambient conditions. It can be
approached as a quasisteady problem, considering the conditions at various
times during the year. A transient analysis is needed to study the variation
from day to night.

For the energy extraction problem, two flow configurations were considered:
top—to-bottom and end-to-end. Employing the earlier results on heat rejec—
tion, particularly on surface jets and flow in stratified media, the effect of
the flow on the pond performance was studied. T%bl% 3-1 shows the important
results obtained for a two-dimensional flow of 10"~ m”/s-m using a slot height
of 3 cm. The gradient zone is undisturbed if a two-dimensional flow is main-
tained with the inflow/outflow ports about 6 cm away from the interface. Flow
penetration of ~300 m is estimated for the top-to—bottom configuration. The
end—-to—-end configuration may be satisfactorily modeled in the 1lab, but the
top-to-bottom configuration cannot be completely modeled. A constraint on the
operation time arises in the latter case, and a traunsient prohlem has to be
ctudied to medel the continuuus exlractlon 1n actual ponds. Individual
aspects of the flow may be studied by varying the governing parameters. A
full-sized pond 1s needed to answer some important questions regarding this
configuration, which SERI has only recently suggested as an alternative.

From the results obtained, one can see that heat rejection to the surface
layer is feasible and the pond is not detrimentally affected if care is taken
to keep the disturbance to the interface negligible. The top—-to—bottom con-
figuration appears feasible for small- to medium-sized ponds with a length
less than 300 m. The end-to—end configuration is satisfactory for large ponds
and can be satisfactorily modeled in the lab. The top-to-bottom configuration
cannot be completely and uniquely modeled in the lab. Its individual aspects
may be studied with further work carried on in full-scale ponds.
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RECOMMENDATIONS

This preliminary study has determined several very important considerations in
heat rejection to the surface region and energy extraction from the storage
zone of a salt-gradient solar pond. The results will provide guidelines for
the design of the system particularly regarding the design and location of the
withdrawal and injection ports. A two-dimensional flow employfng several dif-
fusers that spread out the flow at one end of the pond is desirable since it
reduces the velocities considerably, which in turn reduces the disturbance to
the grgdient zone. The ports should be sufficiently high (3 cm for a flow of
10_3 m>/s-m), to avoid mixing the flow at the inlet for the heat rejection and
for the top-to-bottom energy extraction problems. For the end-to—-end extrac-—
tion, a good mixing at the entrance may be desirable and a smaller slot height
would be suitable. The ports must be positioned as far as possible from the
interface—-—-at the surfagg fgr heat rejection and at least 6 cm from the inter-
face for a flow of 10 m”/s-m in energy extraction. One can determine a
suitable distance for a given flow rate. Similarly, one can calculate the
necessary distance between the inflow and outflow for heat rejection. For a
heat rejection of 34.5 W/m“, it is 400 m. The average surface temperature
rise and the increase in evaporation caused by heat rejection must be deter-—
mined for a given circumstance.

The end-to-end configuration is suitable for all ponds, while the top-to-
bottom extraction appears satisfactory only for small to medium ponds less
than 300-m long. However, for large ponds it is not necessary to go from one
end to the other. Considerable savings in piping costs and heat loss can be
achieved by locating the outflow port between the two ends and by determining
the distance from the inlet using the two extreme flow configurations.

Laboratory experiments should be directed at verifying some of the important
findings of this study, particularly concerning flow penetration and interface
stability. The effect of the physical variables may be studied with the gov-
erning dimensionless parameters obtained here. Since the top-to-bottom con-
figuration cannot he adequately modeled in the lab, the results should be
coupled with an analytical model. The predictions of the analysis for the lab
flow may be verified experimentally and the model extended to provide informa-
tion for larger ponds. Some experimental work in full-scale ponds would also
be needed to answer questions pertaining to flow penetration and to provide
inputs to the analytical model. A numerical model for the two—dimensional
flow that arises may be developed on the basis of the work done here.

Similarly, the energy exchange at the surface is difficult to model in the

laboratory. Analysis may be employed, along with experimentation, to provide
~information for designing solar ponds and the related flow systems.
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