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uncr or SOIL CONDITIONS ON SOLAR POND PERFORMANCE 

C.M. Leboeuf 
D.R. Johnson 

Solar Energy Research Institute 
Golden, Colorado 

ABSTRACT 
A recent effort to design a one-acre solar pond at 

the U .s. Air Force Academy brought up several research 
issues pertaining to solar pond performance prediction. 
This report addresses those issues. Interactions of 
the pond with the soil below it have historically been 
estimated using very simplistic techniques that tend to 
ignore soil composition, moisture content, and the cou
pled heat and moisture transport phenomena. This study 
examines the models of soil thermal conductivity and 
heat and mass transport in soils under imposed tempera
ture gradients to assess the potential applicability of 
these models to solar pond modeling. In addition, a 
computer simulation code is developed that incorporates 
the soil thermal conductivity model. Using the code, a 
parametric analysis was performed illustrating the im
pact of this property on pond behavior and the impor
tance of experimental model verification for the range 
of soil temperatures experienced in solar ponds. Im
plications of the combined heat and moisture movement 
theory on solar pond performance are presented. 

NOMENCLATURE 

CJ. specific heat of liquid water (J kg-1 °c-l) 
isothermal moisture diffusivitym2 5-1 oc-1)

De thermal moisture diffusivity
m2 s -1) 

Dev isothermal vapor diffusivity (m2 s-1) 

shape factor for the air-filled pores (dimension
less) 

shape factor for the ith soil component (dimen
sionless) 

h relative humidity of air-filled pores (dimension
less) 

K hydraulic conductivity (m s -1 ) 

L latent heat of vaporization (J kg-1) 

heat flux (W m-2) 

moisture flux (kg m-2 s-1) 

T temperature (0c) 
air weighting factor (dimensionless) 

weighting factor for the 1th soil component 
(dimensionless) 

volume fraction of air in the soil (m3 m-3) 

volume fraction of the ith soil component (m3 m-3) 

soil field capacity (m3 m-3) 

volume fraction of water in the soil (m3 m-3) 

vo�um! ric liquid moisture content � in the soil 
(m m ) 

effective soil thermal conductivity (W m-1 0c-l) 
thermal conductivity of air (W m-1 °c-l) 
apparent t!l_erma\ conductivity of the air-filled 
pores (W m- 0c- ) 
therm�! cqnductivity of the ith soil compon�nt 
(W m-1 oc-1) 
thermal cond� ty 3v� y due I to •1apor latent heat 
transfer (Wm c. ) 
latent heat transfer effect in pores with 100% 
relative humidity (W m-1 °c-1) 

conductivity of water (W m- 0thermal l c-1)

PJ. density of liquid water (kg m-3) 

soil porosity (dimensionless) 



INTRODUCTION 

Moving ground water will often be present at some 
depth below the bottom of a solar pond. Heat will �e 
conducted from the pond through the soil to the ground 
water and hence transported away from the pond. Thus, 
the thermal conductivity of the soil below a solar pond 
is an important factor in determining its performance. 
Previous studies of the thermal performance of solar 
ponds have considered soil thermal conductivity to be 
independent of temperature and have usually used values 1 1near that of pure water (=0.6 W m- °c- ) (1). How
ever, soil conductivity depends on porosity, - moisture 
content, soil makeup, and temperature. In addition, 
heat and moisture fluxes in the ground may be coupled. 
A flux of heat caused by a temperature gradient can 
cause a flux of moisture. The resulting redistribution 
of moisture will affect the local thermal conductivity. 

This paper uses a previously developed model of 
solar pond thermal performance (2) modified to include 
a widely accepted model of soil the!"rnal conductivity 
(3) to assess the effects of soil temperature, moisture 
c-;;-ntent, and makeup on performance. In addition a 
recognized theory of coupled heat and moisture trans
port (4) is used to determine the conditions under 
w hich the temperature gradients that typically exist 
below a solar pond might affect the distribution of 
moisture. The paper concludes with a summary of re
sults and recommendations for further work. 

THEORY 

Solar Pond Thermal Performance 
The two-dimensional version of SOLPOND (2), a sim

ulat1.on program for salinity gradient solar ponds, was 
used in this study. This program mode ls the transient 
thermal performance of a solar pond using the lumped 
parameter electrical circuit analogy as depicted in 
F1.gure 1. Absorption of solar radiation within each 
element is modeled by a current source, The current 
source in the storage layer also accounts for the 
energy delivered by the pond. The user supplies the 
f ollowing inputs: upper convection layer, nonconvec
ting layer, and storage layer depths; weather data; 
load data; optical transmission; simulation time step; 
thermal conductivities; and heat capacities. The upper 
convecting layer and the storage layer are each 
described by a single node. The number of nodes used 
to model the gradient layer and ground are selected by 
the user. To avoid numerical overstability, implicit 
finite difference equations compute the time solution. 
Dynamics of the nonconvecting layer are not modeled, 
It is assumed that the pond storage temperature never 
exceeds l00°c and that excess energy is extracted when 
necessary to avoid overheating, 

Soil Thermal Conductivity 

A widely accepted and experimentally verified 
physical model for soil thermal conductivity was devel
oped by de Vries (3). This model assumes that soil is 
made up of grains Of solid materials imbedded in a con
tinuous medium, which is either water or air. In par
tially saturated soils, water is the continuous medium 
with pockets of air imbedded in it, In very dry soils 
(less than 5% moisture content by volume), ait: is con
sidered the continuous medium with drops of water 
imbedded in it. The effective soi.l thermal conduc
tivity for a partially saturated soil is defined as 

n 
x t.. + I W + WW iXi\ waxa>..a 

t.. i=l 
n (1) 

+ x w I wix i  + waxa i=l 

where n is the number of individual solid constituents; 
• "- • and "- are the thermal conductivities of the "-w a i 

water, air, and solid particles, respectively. W a
�· 

nd i 
W are weighting factors; and X , and X are the a i a .volume fractions of · water, soil particles, and air, 
respectively. 

The three main classifications of soi\ constit
1 uents are clay and 8.�l silt (t..lo = 2.93 W m- 0c- ), quartz 

l 1and 
(t..1 

sand (t..2 = W m- c- ), and organic matter 
= 0.25 W m-l 0c ) • Thermal conductivities of 

water and air are both functions of temperature, 
according to the following expressions: 

f..w � 0.55 + 2. 34 x 10-3 T 1.1 x - 10-5 2T ; (2) 

and 

>- = 0. 2a 0 37 + 6,41 x 10-S T, (3) 
w here T is the temperature in °c and "- and '- are in w a o 1m-1 c- , w The weighting factors depend on the orientation 
and distribution of soil granules and air pockets. 
These are assumed to be randomly distributed and 
oriented.ellipsoids such that: 

.,. t [ 2 1 
+ (4) Ai "-i 1 + ( - l g 1 + --,- ) i (-

>-w - 1)(Aw . 1 - Zg,) l
and 

W + a 
i 

2 1 ] r, , 
"-ap "-ap 

+ r 1' - 1 g 1 ) + )(
· "-L. 

(I;"" 1 - 2g ) 
(5) 

a - �w 

where g and g are shape factors corresponding to the i a 
soil granules and air pockets, respectively, and "- is ap 
the apparent thermal conductivity of the air-filled 
pores. 

The shape factors are difficult to determine be
cause of the unpredictable variability in soil struc
ture and pore size; hence they pose a major uncertainty 
in computing weighting factors. The empirically deter
mined value of g is 0, 25 for most soils. The air i shape factor is based on the work of de Vries ( 5), 
w hich split the soil into two regions by moisture con
tent, When volumetric moisture con·tent is above the 

Xsoil field capacity (the volumetric moisture content r i:etained by the soil after flooding), g is defined as a 
Xa ga = 0.333 - 0.298 -r- (6) 

where 1> is the porosity (the ratio of the soil bulk 
density to the average density of the soil materials). 
Below field capacity, g is defined as a 

' . Xw ga 0.013 + (gX a -r 
0.013) (7) 

w here g is the value for g resulting from Eq. 6 when a 
the volfimetric moisture content is exactly equal to the 
field capacity. 

The apparent thermal conductivity of the air
filled pores is defined as 
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Figure 1. Thermal Model Schematic of Three-Dimensional Solar Pond 

>.. .. >.. + >.. ap a v (8) 
where >.. is the thermal conductivity due to vaporv latent heat transfer. The value of >..v depends on the 
degree of saturation of the air-filled pores, and is 
given as 

(9) 

where h is the relative humidity ii}; the air-filled 
pores, expressed as a fraction, and >.. is the latentv heat transfer due to vapor flow when the relative 
humidity of the pores �s 100%. de Vries (1_) presents
data on the value of >.. as a function of temperaturev which can be fitted With the following exponential 
expression (..2): 

>..5 v = 0.0223 exp (0.0568 T). (10) 

Coupled Heat and Moisture Transport 

Although none of the existing theories completely 
describes the behavior of coupled moisture and heat 
transport in soils, several have been verified for cer
tain field conditions. A widely accepted theory was 
developed by Phi::.ip and de Vries ( 4). This theory con
siders that a flux of moisture qm in the soil is
caused by the action of gravity and gradients of tem
perature T and moisture content ei so that

(11) 

where Pi is the density of liquid water, De is the iso
thermal moisture diffusivity, o.r is the thermal mois
ture diffusivity, an� K is the hydraulic conductivity.+Similarly, a flux or heat qh in the soil is caused by 

a gradient in temperature and moisture content and by 
the sensible heat carried by a flux of moisture so that 

+ + + + 
qh = >..vr - PtLDevV9t + Ct(T - To) qm ' (12) 

where L is the latent heat of vaporization, Ci is the 
specific heat of liquid water, De is the isothermal 
vapor diffusivity, and T is the reference temperature.0 

PARAMETRIC STUDIES 

Effect of Te ature, Mc>isture Content, and Soil 
Hake-Up on The Conductivity of Soils 

'at

:;ar
In the theory section, we defined three t�mpera

ture-dependent variables (>.. , "a w• and >.. ) thatvinfluence the effective soil thermal conductivity. 
These parameters are plotted versus temperature in s Figure 2. The >.. l curve crosses the >.. curve at 60°c 
and rises sharpl thereafter, indic the dominance
of vapor heat transport in the air-filled 

it�g 
pores at ele

vated temperatures. The theory of soil thermal conduc
tivity has tradicionally been applied to soils below 
40°, such as encountered in agricultural applications
or analysis of buried transmission cables. Solar 
ponds, however, are designed to operate with storage 
zone temperatures approaching l00°c. The dearth of
thermal conductivity data for soils above 40°c, 
together with the radical difference in the relation
ship of the temperature-dependent variables in this 
range, makes it imperative that the de Vries model be 
verified under solar pond operating conditions before 
designs are based on it. 

The effects of moisture content, soil makeup, and 
temperature on thermal conductivity are shown in 
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Figures 3 and 4. In both figures, the flatness of the 
curves at 60°C occurs as a result of the cross-over of 
"- and "-� as shown in Figure 2. At ao0c, the vapor w 
transport is dominant, so that as the pores become 
fi.lled "11th water, the effective conductivity actually 
decreases. The sandy soil shown in Figure 3 has a 
higher overall thermal conductivity than the finer
grained clayey soil shown in Figure 4, with a 

_
ymxi um�0c 1value at 80°C and 25% saturation of 3.8 W m • 

Even the clayey soil conductivity reaches 
2.4 W m-1 0c-l at these conditions, which is 
approximately 2-1/2 times the conductivity of the same 
soil at 20°c and the same moisture content. 

Effects of Soil Conditions on Solar Pond Performance 

.

In performing the following analyses, we kept cer
tain assumptions constant. We chose Colorado Springs, 
Colo., for the solar pond site. Weather data for 
Colorado Springs, including daily average dry bulb and 
incident radiation for a typical year, were derived 
from hourly statistics on the Ersatz TMY (Typical 
Meteorological Year) data. set, which is available from 
the National Climatic Center. A 30-day time step was 
used in all performance simulations. Energy extracted 
from the pond was measured per unit area. Unless 
otherwise specified, a constant thermal load of 

-2 30 W m is imposed on each solar pond simulation. The 
-surface convecting layer thickness was ass.umed to be 
0.4 m, and the gradient zone depth was 1.2 m. SOLPOND, 
a computerized solar pond thermal performance simula
ti.on code (2), was used in this study to. predict pond 
behavior. five ground storage nodes are used, with an 
assumed infinite capacity sink heat at a temperature of 
12°C and a depth of 10 m. 

To put. the ground heat loss issue into proper 
perspective, we conducted an analysis of the proportion 
of heat losses from a pond that are to the ground. We 
assumed a constant soil thermal c onductivity. The an
nual temperature profile of the pond for a specific 
configuration and fixed energy extraction rate is one 
illustrative measure of the effect of pond heat l.osses 
on performance. If the pond has no side-wall or gro�nd 
heat losses (soil thermal conductivity <<l w 1 - Lm- °c ), 
the temperature profile for the base-case pond (which 
has a storage zone 2.5 m thick and a thermal energy ex
traction rate of 30 -2W m ) is shown as the uppermost 
curve of Figure 5. The next curve represents a pond 
that has negligible edge losses but suffers vertical 
ground losses to 
1 -1 W m 0 a soil with conductivity of -1 C • (This value is commonly used in perfor-
mance prediction if no other site-specific soil data 

is available.) As the pond becomes smaller, edge 
losses begin to be significant, as evidenced by the 
decreased temperature profiles for the 100-m, 30-m, and 
10-m diameter ponds. While this does not fully bracket 
performance (i.e., it could be worse),. Figure 5 does 
provide an indication of the importance o.f ground heat 
losses to solar pond performance. 

Many space-conditioning · or industrial process 
loads being considered for solar pond applications have 
a prescribed minimum temperature below which they 
cannot be served. For this reason it is advantageous 
to design a pond in which the temperature will not fall 
below a specified minimum during a typical year. A 
thick storage zone smoot.hs out variations in ambient 
conditions and can, therefore, maintain· a higher pond 
minimum temperature than a thin storage zone. However, 
the maximum temperatures achieved. are lower in a pond 
with a thick storage. zone. To examine the effect of 
ground thermal conductivity on storage zone sizing, we 
examine� go conductivities 

1 
�t ranging from 0.2 to 

2.0 W m C and storage zone thicknesses from 0.5 to 
3 m; we then determined the minimum operating tempera
ture of the pond for each set of conditions. These 
data are shown in Figure 6. As the conductivity 
increases, the benefits gained by thickening the stor
age zone tend to decrease. Thus for a site which is 
known to have a high soil thermal conductivity, heat 
losses to the ground tend to offset any improvements 
gained by increasing the storage zone beyond about 2 m 
for these conditions. 
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The de Vries model for soil thermal conductivity 
has not been verified in the temperature range of soils 
beneath solar ponds. It displays some peculiarities in 
this range because of the exponential nature of the 
vapor transport ter<n. However, we chose to use the 
de Vries model with our solar pond thermal performance 
si:nulation code to determine the potential impact of a 
temperature- and moisture-dependent thermal conductiv
ity model on the prediction of solar pond behavior. 
With the two programs integrated, it is possible to 
update values of soil thermal conductivity for each of 
the five ground nodes at each time step, based on nodal 
temperatures of the preceding iteration. Using two 
soil types, one sandy (90% sand and 10% clay by weight) 
and one clayey (90% clay and 10% sand by weight) , we 
have examined solar pond performance for various values 
of moisture content. The pond performance is measured 
by its average annual storage temperature in °c (based 
on a pond with a 0.4-m surface layer, a 1.2-m gradient, 
a 2.0-m storage zone, and an energy extraction rate of 
30 W m 2- ) 
by 

• The mo is tu re content of the soil is shown 
percentage of saturation (percentage of void spaces 

filled with water). Figure 7 shows the relationship 
between pond storage temperature and soil saturation. 
As expected, the solar pond on clayey soil maintains a 
higher temperature than the pond on sandy soil. The 
average temperature of the pond on clayey soil 
decreases fairly steeply until the soil moisture con
tent is about 22% of saturation. Beyond 22% of satura
tio n, little drop in average pond temperature is seen. 
A similar effect is seen for the sandy soil case, but 
the change in slope of the average temperature first 

takes place at about 
of saturation, 

_ 12% of saturation. From 12% to 
22% the average temperature drops less 
steeply. Beyond 22%, the sandy-soil curve also flat
tens out, but at a level about 7°C lower than the curve 
for clay. 

Coupled Heat and Moisture Transfer 

We •N'ish to determine the conditions under which 
the temperature gradient set 
sence of a solar pond might  

up in the soil by the pre
cause a redistribution of 

the soil moisture content 
4 

from that which existed be
fore the pond was in place. To do this we will deter
mine the impact of an imposed temperature gradient in 
the soil on the resultant steady-state moisture gradi
ent under conditions of zero moisture flux. In this 
case, the one-dimensional form of Eq. 11 becomes 

d91 dT 0 = 

4 
-D9 dZ - °'r dz + K , (12) 

or d91 °'r 
e (rz dT K 

'dZ= - > D +Dr) • 
o3

Therefore, if the ratio K/Ur is 111Jch less than dr I dz,
then the steady-state temperature gradient will have a 
profound effect on the steady-state moisture gradient. 

Figure 8 shows the behavior of K as a function of 
moisture content 91 for Yolo light clay at 20°c. Very 
limited data exist on the temperature dependence of 
hydraulic conductivity, particularly above 30°c. 
Figure 9 shows the behavior of Ur for Yolo cla as ad'. function of volumetric moisture co tent at f 20 C. K 
varies considerably, from 1 10 m s-1 at 91 
0.075 m3 m-3 to 3 >< -10 8 m s-1 at 91 

of = m3 
� 

0.45 m-3. o.r 
is fairly constant in this range 91 at approxi
mately . 1x 1 lo- m2 l2 3 s-1 °c- . 

A typical temperature gradient beneath a solar 
pond is 23°c m-l according to Meyer and Hedstrom <D. 
Using these values, and for 91 up to about 20%, 

!.... < 2.3°C m-l « � = 23o -l 
Dr dz c m • 

but for 91 greater than about 0.45 m3 �-3 

Hence the influence of the temperature gradient on the 
moisture gradient in the soil will be significant for 
relatively dry soils but not for relatively wet soils 
(assuming the soil to be Yolo clay). 
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These results suggest that combined heat and 
moisture flux .may be an important consideration for 
many solar ponds. Figure 7 shows that for our example, 
solar pond average annual storage temperature decreased 
from 83°c to 73°C as the moisture content of underlying 
soil went from 0% to 20% of saturation for a light clay 
soil, assuming no interaction between heat flux and 
moisture distribution. If the temperature gradients 
set up by a solar pond interact with the moisture· con
tent to drive moisture away from the bottom of the 
pond, then an insulating region of low thermal conduc
tivity . might be created below the pond, preventing such 
a drastic reduction in performance. This possibility 
remains as speculation until data on soil properties 
can be obtained at solar pond operating temperatures 
(�so0c). A literature search by the authors has failed 
to uncover such data. 

SUMMARY AND RECOMMENDATIONS 

.

Heat lost through the soil to moving ground water 
can have a significant effect on solar pond perfor
mance. The amount of heat lost will depend on the soil 
thermal conductivity, which is a function of moisture 
content, soil makeup, porosity, and temperature. 
Parametric studies using an accepted model of soil 
thermal conductivity show that under t,he range of solar 
pond operating co nditions moisture content' soil make
up, and temperature have significant effects on solar 
pond performance. However, these results depend on 
extrapolation of data from approximately 30°c to solar 
pond operating temperatures near 80°C because suffi
cient data on soil thermal properties at higher temper
atures are not available. It is also possible that the 
flux of heat from the solar pond through the soil to 
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the ground water may cause a redistribution of moisture 
in the soil below the pond with a corresponding effect 
on soil thermal conductivity. This possibility is sup-
ported by an accepted theory of coupled heat a(td 
moisture transport in soils but also depends on extrap
olation of data from about 30°c to solar pond operating 
temperatures (about 80°C). 

A literature search by the ·authors has failed to 
uncover sufficient data on soil thermal properties to 
completely evaluate soil thermal conductivity and cou
pled heat and moisture movement at solar pond operating 
conditions. We recommend that such data be obtained 
because of the potential importance of these subjects 
in understanding solar pond thermal performance. 
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