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1 E1
INTRODUCTION 1 E

Production agriculture consumed 2.8 percent of

theUnitedStates total energy budget in 197U (U.S. Department °i

of Agriculture, 1976). Twelve percent of the energy used in E
production agriculture was consumed by the livestock, dairy, E

and poultry industries, while 8 percent was used in crop t

drying (U.S. Department of Agriculture, 1976). The 2.8
I

percent of the total energy budget represents 18 percent of Q

the energy required to produce, process and deliver food to i
the family table (CAST, 1977). It is apparent that the

·

‘ energy necessary for aqricultural production is relatively

small compared to total consumption. However, without

sufficient energy inputs to production agriculture, yields

would be reduced and the well being of many Americans would

suffer.

Recent rapid increases in the cost of fossil fuels

stimulated renewed interest in the utilization of solar

energy. The most promising techniques for exploiting solar

energy for production agriculture are in the areas of space

heating, crop drying, and wash water heating, These uses

constitute a large proportion of the energy requirements for

animal production. Solar energy can be used for these

purposes because the energy does not have to be transported

— 1
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long distances from where it is collected to where it is 1

used. Also, temperature of the energy transport medium can

be relatively low, thus increasing collection efficiency and

reducing transportlosses.·If

maximum benefit is to be gained from solar energy, a

portion of it must be stored for use during periods when

immediate collection is not possible. One problem f
encountered when designing solar energy systems is providing

ieffective low-cost energy storage. Several techniqueshavebeen

proposed for storing collected solar energy. Most E

energy storage devices exploit the heat capacity of the heat

storage material. In principle, the energy stored in or

removed from the material is proportional to the heat

capacity of the material, the difference in the temperature

before and after the energy change and the mass of the

material being considered. Mathematically this can be

expressed as

Energy Heat Material Temperature Temperature

Change
:

Capacity Mass Before
_

After
[1]

The most common materials for energy storage are water and

rock. water is one of the best materials that can be used

as an energy storage medium because of its inherently high

heat capacity, U.18 x 103 J/kg-°C (1 BTU/lb·°F)- Crushed

E
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rock, on the other hand, has a lower heat capacity which is

on the order of 0.8ü x 103 J/kg—°C (0.2 BTU/lb·°F). However,

its porous nature allows heat transfer fluids to be moved

through it quite easily- The main attraction of these two '

materials is their relatively low cost and ready

availability.

Conventional energy storage devices, which utilize water

as the storage medium, employ a tank to contain the water.

Tanks may be free standing or buried. In either case,

purchase and installation of tanks adds appreciably to the

cost of a solar energy heating system, especially when large

capacity tanks are needed. Consequently, lower cost

containers are being considered as energy storage devices.

By utilizing a container for more than one purpose, the cost

can be reduced and the need for extra containers eliminated.

For example, animal production facilities thati might use

solar energy frequently have a stock watering pond,

wastewater lagoon, waste holding tank or pit, or'a cistern

that could also be used as an energy storage device.

For an energy storage device to be effective, energy

losses must be kept within an acceptable range. To

accomplish this, proper insulation must be provided to

reduce heat transfer from the energy storage medium to the

surroundings. Insulation can be provided along the walls
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and bottom of a container fairly easily during construction,

but retroactive insulation of container walls is often

impossible. Consequently, this investigation considered
insulation of the container walls as well as other means of

I

insulation that would reduce energy losses into the soil.

An energy storage pond was selected for this study. To

promote pond wall stability, the walls of the pond were

sloped. The resulting shape of the pond (inverted truncated

pyramid) made it extremely difficult to find a heat transfer

relationship that can be considered an "exact solution" to

the differential eguation of heat transfer for the pond.

Consequently, the finite element method was selected as an

effective approximate solution to the differential eguation

of heat transfer from the pond.



OBJECTIVES g
The objectives of this study are enumerated as follows: 'E

1. Develop a three dimensional model capable of é

predicting soil temperatures in the vicinity of a
9

solar energy storage pond. This model must have the

¥capability to deal with such factors as variations l
in weather conditions, storage pond water [

temperature and quantity, and location of insulation {

« that may be installed next to the soil.
i

2. Implement the model developed in objective 1 with

the aid of a computer program.

3. Construct and instrument a warmed water storage pond

and collect weather data to be used in the model and
— in validation of the model output.

”

U. Use the modell to evaluate the influence of various
parameters on the energy losses from the energy

storage pond.

5. Make recommendations concerning the location of

insulation.

T 5



LITERATURE REVIEW i
The recent rebirth of interest in the use of solar energy °£

has aroused concern as to how excess collected energy can be E
stored. One technique for storing excess energy entails a

I

warmed medium contained in a below grade structure. Since I
the storage of (heat energy has not been of primary concern i

in the past, very little research has been done on the ä
storage of energy in below grade structures. The following

>

paragraphs discuss some of the limited information that has

been learned about energy losses from below grade energy

storages.

Shelton (1975) developed a computer model to study heat

losses from a buried hemispherical energy storage. This

storage was assumed to have conduction losses to the soil.

At an infinite distance from the storage device, the soil

temperature was assumed to be unaffected by the temperature

of the pond. He concluded the following: 1) Heat loss to

the surrounding ground is "only a few percent of the heat

storage capacity for a typical home-size unit in low

conductivity ground in the absence of liquid-water flow.

The economics of added insulation under these circumstances
appears to be critically site and system specific".

· 6
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2) "The time reguired for the average heat loss rate of a E
new system.-. to approach the steady-state value is on the E
order of a year." 3) “The ground surrounding a typical E
heat·storage facility _ contributes very little to the 'ä

system°s storage capacity either on a daily or a seasonal ibasis." i
Beard, et. al. (1977) developed an analog model of a i

hemispherical pool in the ground with the water surface at i
the same elevation as the ground surface. In testing the i

model using water at 82 GC (180 GF) with and without the i
assumption of insulation at the soil—air interface, they é
found the energy losses to be 1.7 times as high without E
insulation as with insulation. These authors have also E
developed a digital model which gives results similar to f

those obtained with the analog model.

Stickford, Holt, and Whitacre (1976) experimented with a

modified version of a soil behavior model developed by

Battelle Columbus Laboratories. They simulated an

cylindrical tank buried beneath a constant temperature house

located in Madison, Wisconsin. They concluded that tank

energy losses were ü5% greater in mid—winter than in mid—

summer. They also concluded that, by assuming moist soil in

the vicinity of the tank, energy losses were twice as large

as those obtained assuming dry soil.

t
i



8

r
Misra and Keener (1978) investigated heat loss from a

buried energy storage tank containing warmed water. The

study involved a mathematical model where energy losses to

the soil were in one case assumed as zero and, in the second '

case, were allowed to occur by conduction to dry soil in the T
top 0.9m (3 ft) and wet soil below that depth. Their

F
results showed that, when energy losses from the buried tank

were allowed to occur, the stored energy was 75.8% less than
s

when perfect insulation assumptions were made. They
i

concluded that the soil does not act as an added energy

reservoir giving up energy to the tank when the tank water

temperature is lower than that of the surrounding soil. In

fact, they asserted that "...analysis at this stage

indicates that the surrounding soil is behaving like a heat

sink".

Short, Roller, and Badger (1976) constructed a salt

gradient solar pond covered with a greenhouse structure.

The pond was lined with a plastic film and the °sides were

insulated. The pond bottom received a layer of coarse sand

that was expected to dry out forming an insulating layer

after about one half year of operation. They found that

this drying did not occur during the first year of

operation. They also found the peak pond temperature to be

closely related to weekly average ambient air temperature.

)ir
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Nielsen (1976) constructed an uncovered salt gradient

solar pond with thermocouples located to a depth of 1 m

(3.28 ft) below the pond bottom. He found temperatures to

be distributed in an isothermal pattern with temperatures at
”

the 1 m (3.28 ft) depth below pond bottom to be 6 OC (10.8 ä
OF) warmer in May than in January and 1U OC (25.2 OF) warmer

i
in June than in January. The highest pond temperatures were

ä
about 60 OC (1UO OF) in June. ä

Holmes, Vaughan, and Bell (1978) have reported the E
overall results of four pond insulation treatments on heat i
losses to the soil and air using a relatively constant pond E
temperature of 20 OC (68 OF). They found that 90% of the

energy lost from an uninsulated pond occurred at the air~

water interface. Ten percent of the energy was lost to the

soil. The uninsulated pond lost energy at 10.u times the

rate of the totally insulated pond. Table 1 Isummarizes

information obtained on energy losses into the soil from

energy storage ponds. °
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Table 1: Summary of Pond Energy Losses to the Soil

Description Pond Energy Ref.
lena- Lege
_0C MJ/mz-day(BE) (i5.l£L§ii;Q9.1) Q

3.57 m radius hemis- 82 2.92 Beard, Q
pherical pool, in- (180) (256.8) et.al. Q
sulated ground-air (1977) E
interface, model= Q
theory Q
4.66 m radius hemis- 82 1.87 Beard, Y
pherical pool in- (180) (164-8) et.al. Q
sulated ground-air (1977) :
interface, model= E
theory Q
4.66 m radius hemis- 82 1.91 Beard, E
pherical pool, in- (180) (168.0) et. al. Y
sulated ground-air (1977)
interface, model=
analog

4.66 m radius hemis- 82 3„28 Beard,
pherical pool, un- (180) (288.5) et.al.
insulated ground- _ (1977)
air interface,
model=analog

7.32 m sguare water 82 3.53 Beard,
surface dimension (180) (310.6) Y et. al.
truncated pyramid, (1977)
insulated ground-
air interface,
model=digital

1.37 m radius hemis- 77 3.65 Shelton
pherical pond, in- (170) (321.6) (1975)
sulated ground-air
interface
3.35 m square water 20 1.19 Holmes,
surface dimension, (68) (104.6) Vaughan,
truncated pyramid, and Bell
measured energy (1978)
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NATERIALS AND METHODS

An investigation of the most appropriate method for

insulating a solar energy storage pond was to be conducted '

with a mathematical model. For this model to be validated,

a physical model was needed. The instrumented model would

provide any initial data that might be used in the

mathematical model as well as data necessary to verify the

mathematical model.

Einerimenial Bend;
During the summer and fall of 1977, four ponds were

constructed at the VPI 8 SU Swine Center. The ponds were

excavated in the shape of an inverted truncated pyramid as

close as possible to the specifications of Figure 1. Three

of the ponds received separate insulation treatments, while

the fourth received no insulation and was considered a

control. The insulation treatments are described in Table 2

and Figure 2.

_ ll

T„„„„„„„„„„„„„„„„„MM„„„„„„„„iil„„„„„„„„„„„„„„„„„„„„„„„„im„__________r„„r___rrr
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Table 2: Insulation and Heater Size for Four Experimental
Ponds

Resistance
Pond Number Insulation Heater Size

(KW)

1 water Surface Insulation Only 6

2 No Insulation 15

3 water Surface, Side, and Bottom 2
Insulation

N ~ Side and Bottom lnsulation W 12



14y.,'§§§·”m"'.m.m'Powo
1 ” POND

2TOPINSULATED NO INSULATION '

‘ «•
•„ · •

POND 3 POND 4
101AL 1Nsu1A110N SIDES AND BOTTOMINSULATED

FIGURE 2 POND INSULATION TREATMENTS

l
1 1
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The insulation used in the experiment was 10.2 cm (U [

inch) thick rigid board urethane with a heat flow resistance [

rating of B—21. The insulation for the pond sides and [

bottom was cut to match the pond shape and was placed in '[

direct contact with the soil. The insulation used onthepond

surface was cut to fit the shape of the pond and was [

floated on top of the water in an alternatinq joint pattern [

designed to minimize shifting of the insulation.

The soil at the Swine Center is breciated with an open [

structure which, although it is a clay, allows water to pass [

through it rapidly. To prevent water leakage each pond was [

lined with a 0.3 mm (10 mil) polyvinyl film. Where the pond [

bottom and sides were insulated, the plastic film was [

installed over the insulation to keep the insulation from
I

floatinq. To secure the edge of the film at the top of the

pond, —it was placed in a narrow trench and covered with

soil.

Each pond was equipped with an electric resistance

immersion heater sized to match the estimated energy loss

from the pond. The estimated energy losses were calculated

using standard heat transfer equations and assumptions of

extreme weather conditions (Kreith,1965). The sizes of

heaters placed in the ponds are listed in Table 2. In an

attempt to minimize warmed water risinq directly to the pond

[
[[ [
[
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surface and to obtain better mixing of the warmed water, a

0.76 m (2.5 ft) diameter sheet metal baffle was suspended

above each heater. The baffles were suspended about 0.76 m

(2.5 ft) above the pond bottom.

Each immersion heater was controlled by a remote bulb

thermostat with an approximate differential of 0.5-1.1 OC

(1-2 OF) . The remote bulb was located in the center of the

pond at a depth of approximately 17.8 cm (7 inch) below the

water surface as shown in Figure 1. A wiring diagram for a

typical pond heater is shown in Figure 3. The power

consumption of each heater was metered, and the meter

readings were recorded at least once each day.

Water temperature measurements in the pcnds were made

with copper/constantan thermocouples located as shown in

Figure 1. Thermocouples used to measure pond wall

temperature were placed below the plastic film and were not

in contact with the pond water. The thermocouples located

in the pond water were placed approximately 17.8 cm (7 inch)

below the full pond surface.

To provide data for the model and its validation, pond

number 2 was more thoroughly instrumented with

thermocouples. Before the plastic liner was installed, 7.6

cm (3 inch) diameter holes were augered into the bottom and

side of the pond- Holes were also augered beyond the

L
L.......................i...............................„-----„,„i,l_.........___._..._____________lll......,__.._,,,___;
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(confines of the pond along a line perpendicular to one of i

the pond sides and along a line passing through one of the

pond corners (Figure H). Thermocouples were placed into

each of these holes to measure soil temperatures in the Ä

vicinity of the pond, as depicted in Figure 5. E
After the thermocouples were placed into an auger hole, E

a soil—water mixture was poured into the hole to insure good i

soil—thermocouple contact. Three thermocouples were also E
placed below the plastic film in the pond corner, as shown E

in Figure U. All thermocouple junctions placed in the soil i

or water were coated with an ABS plastic pipe cement to

reduce the possibility of junction corrosion.

Solar energy data was collected with an Eppley

pyranometer which was mounted on a flat plate solar

collector stand which was faced due south and tilted 52

degrees from the horizontal. The pyranometer output was

integrated with an Esterline—Angus Integrator to obtain the

average solar insolation for the period between readings.

The temperature values provided by the thermocouples and

the integrated pyranometer output were recorded by an

Esterline·Angus PD 206U data acquisition system.
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X PLAN VIEW OF AUGER HOLE LOCATIONS

01s1ANc6 (fn)
0 10 20 30 400 30

A-
6 20

A °* ^

E; 3 10 E;
Ä 1+* E

0 xxxx x x x 0
0 3 6 0 I2 6

DISTANCE (N)

FIGURE 4 PLAN VIEW OF POND OPENING
_ SHOWING AUGER HOUELOCATIONS



20

(,L dl HLÖB0
Om 0

an
0

P') =
_ 1

·— ID

6
'O113

2 äg I; I

,

LIJ

-O‘ 2 ää
ECO 1

}—-
GE QZ1-L1.O<1: ,

**0

-J
I-

0
^ O E

L1J‘B O O

0L.J
-·

@/*1..1.1

Q:

q-LI.]
VTQ.

E5
O ¤ O

E gg
O CK ¤¢0

Q'- O OO0O G
0 qm QS

O O
O

ml-4
ZD:

O 1
OLIJ

O O 0
O

0.,;,:.

ID
s

O
Q UN

O

__

. °°° °
w

/
gl

¤
1:1

O OOQ
V? 0 ID0
T TO 4

(N )HLd30 '



21

The readings were stored in the system's memory unit and

then displayed on its printer and transferred to a cassette

magnetic tape through a Texas Instruments Silent 733 data

terminal. when sufficient data was stored on magnetic tape,

it was transferred to data storage facilities provided by

the VPI 8 SU Computing Center.

Qemnnier Bresram — §2ns>.....r¤l Deeerirtien

The computer solution of this problem was divided into

four programs which are described in the following sections.

Copies of each of these programs can be obtained from the

Reading Room in the Agricultural Engineering Department at

VPI+SU.

2...:1wsee .1

Program 1 discretized the region in the vicinity of the

pond into finite elements and established their respective

nodes. The size and shape of the elements were controlled

by the input data. The input data were used by the program

to determine the location of imaginary rectangular prisms or

blocks in the region of the energy storage pond. Each block
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was subdivided into six tetrahedral elements. Nodes and

elements formed outside of the domain of the soil

surrounding the pond were cancelled, thus allowing the shape

of the pond and the_ surrounding soil to be closely °

approximated by the elements. The shape of the pond

dictates that the blocks used in the immediate vicinity of

the pond be no larger than a 0.33 m (1 ft) cube in order to

adequately approximate the pond shape. This limitation

restricted the dimensions of adjoining blocks used in the

discretization process to a 0.33 m (1 ft) sguare face.

B£.9..<>ran 2

Program 2 displayed the location of each node with the

normal computer print train characters to assure that nodes

were formed in the proper locations. Next, Program 2 read

soil temperature values that had been measured by the

thermocouples (see previous discussion and Figures U and 5)

and, based on a linear interpolation, developed the assumed

initial temperatures at the nodes established by Program 1.

Bresran 3

This program determined which elements and nodes were
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associated with the soil surface—atmosphere interface. The

program calculated the surface area for each surface node

and the exposed surface area for each surface element. This

information was necessary when establishing boundary ‘

conditions in Program H.

Brearam E

Program U was the main portion of the computer model.

It utilized information produced by the other three programs

as input data and used the finite element method to

calculate nodal temperatures at the end of each time step.

When the temperatures were established, the heat transfer

from the pond for each time step was calculated and

accumulated for the time interval being tested.

This program was developed from basic principles to more

completely satisfy the needs of this study. However, the

routine that solved the set of simultaneous nodal°eguations

was a slightly modified version of a VPI 6 SU Computing

Center library program from 'the Scientific Subroutine

Package. U
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Euueriens ef Eins Qsnsndsht
Heat Transfer in Three Qinensiens

Many heat transfer relationships that have been modeled E
involve an "exact" mathematical solution to the problem. I
Unfortunately exact solutions are usually limited to simple ä
shaped continua such as walls, spheres, cubes, or other I
specific shapes. The exact solutions are limited by shape é
because mathematical coordinate systems are usually an E
integral part of the solution process. For these reasons, a E
solution procedure for heat transfer from a solar energy I
storage pond was sought which was capable of dealing with I

the complex shape of the pond. The finite element method
I

was selected because it could be used to solve for the field

variable, temperature, within a complex shaped region. lt

was also capable of dealing with the boundary conditions

that would be imposed on the region. A development of the

general finite element method is presented in the appendix.

Reference will be made to this development as the time

dependent heat transfer equations are discussed„

The governing partial differential eguation for time

dependent heat conduction within the domain of the volume of

„....................................,r,,r,r.r,rrrerrr.„r.........„„............................................._............_,......,....,,,,,,,......___„
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a solid according to (Segerlind,1976) is

32T SZT S21? ST .: Ä i-Kx ax? + Ky 8yZ + -Kz Szz +Q Sc [2]

T = temperature

K = thermal conductivity in the x, y,

or z direction

Q = internal heat generation, positive for

addition of heat

A = volumetric heat capacity of the material

t = time

At the boundary of the solid, heat transfer can be specified

in terms of convection heat transfer or as a known heat
flux. —This relationship is given as

BT ST BT_. .. __ _ Z 3KX 3X1'lX+Ky 3yny+KZ az nZ+h(T Tw)-tqOT

= unknown houndary temperature

K = thermal conductivity in x, y, or 2 direction

n = direction cosine of the outward normal vector
to the boundary surface in the x, y, or 2
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direction
h = convection heat transfer coefficient

Tw = known temperature of fluid surrounding thebody at some infinite distance e
q = specified heat flux from the surface

The soil in the vicinity of the solar energy storage pond is

the domain through which energy is flowing. It is within

this region that the model formulated finite elements. The

temperature distribution within the soil represents a field

which can be described by a function. In the general finite

element formulation (appendix) this function was represented

as [ ¢}. The functional to be minimized that defines the

heat transfer for the system is

dV
V N]I +/<qT+% 1?2—h1:Tw>dS

S

For I(T) to be minimized over one element, the partial

derivative of the functional with respect to temperature at

all nodes of the element must be zero or

= 0 m = 1, 2, 3 .... t [6]

Thus, for a typical node m the partial derivative of the

_...........33ww
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functional for an element becomes
a1(”L‘€)=O= K3.I.i..3_ +K§.Ij 3

x ax aTm ax y ay aTm ay
V

aTc a (8Te) aT€ BTK ——‘ rr- ‘“—‘ —Q‘—*‘+ Ä—” ——- dvZ az aim az GTm Gt 0Tm

are gf — 9
+ ... _.. _ aT/[q QT + hT ST h Tw BT as

. m m m6
_ Recalling from equatiom [A·2] that T = [N] (Tfa and noting

that —ä¥L— = [N] and substitutinq this into the
IH

functional minimization eguation [6], the following is

obtained
BN

l
DNGICÜ _ _ Qß E m GN €‘ m

GTm O
r/G

[KR tax] {T} 3x + Ky {T} dy
V

dv V7]
Z 8z 32 m Bt: m "

.

m IT1 °° IH
S

For all nodes of the element this form of the functional
miuimization equation can he written in matrix notation as

QT . P[1<]L':} + [6] +LF}=0 L8]
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where the element contributions are

[C¤€]= r/>~lNJTlN1C1V {9]V .
[ke] i/’[B]T[D] [8]dv +v/•h[N]T[N]dS [10] EV S S

[fe] =·/QLNJT C1V *fqlNJT· 1¤'1l„LNlT C15{11]v
s Q

KX O O V
[D] = 0 Ky 0 [12]

O O K
Z

am? an? ami amib. b. b b J --1 - J1 J k l 3x 3x 3x 3x

Q E QL L L L1 ‘”1
6V i j k l 3y 3y 3y 3y .

am? an? auä ami6. 6. 6 6 J —1 —- -—
1 J k l 32 32 32 32

V = volume Of the element

The terms in the [B] matrix are obtained by calculating the

appropriate co·factor of the [M]·1 matrix of equation

[A—1U]. Integration of equation [9] produces the element
S

„„„„„„„„„„„„„„„„„„„..„„„„„„..„.....„.„„„„.„„„„„„„„„„„1.....................„„„„„„„„„„;
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capacitance matrix in the form

2 1 1 1

Q A V 1 2 1 1 1
[<= J = —·· UH

20 1 1 2 1

1 1 1 2

lf a finite element is on the surface of the discretized

solid, at least three nodes of the tetrahedron will be

exposed to the fluid surroundinq the solid. These three

nodes delineate a triangular area which forms the side of

the tetrahedron exposed to the surrounding fluid. when this

is the case for nodes j, k, l, the surface integral in

equation [10] becomes

— 0 0 0 0 1

hA_ O 2 1 1
/ h1111T1111«15 = ..-ii 1151

S 12 O 1 2 1 1

0 1 1 2

A_ = area of element face formedJkl
by nodes j, k, l.

The matrix pattern of equation [15] will vary for other

nodal combinations forming the exposed surface area. The



30

surface integral of equation [11] for nodes j, k, 1 yields

0 0
T T qA. 1 t1Tm A, 1 _[16}w 3 1 3 1 ,

S 1 1

When internal heat generation is present, the volume

integral of equation [11] takes the form

1

f[N]TQdv=9! 1- [*71
4

V 1
1

V = volume of the element.

There are several methods for solving the time dependent

relationship portrayed by the matrix equation [8]. One such

method is to introduce finite elements in time. The

limitations of this method are the need for greater computer

storage requirements and increased computational effort

(Pinder and Gray, 1977). The more commonly used procedure

involves a weighted finite difference scheme. This

procedure, when used to solve equations like those of
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equation [8], appears as

e _l_ _ ·[K](6{T}t+At + (1 — 6){T}t) + At [C]({T}t+^t {T}t}) — [ 18]

+ (1 - 6){F}t

t = time

At = time increment

The value of 6 determines the type of solution that will

be obtained. Table 3 summarizes the types of solutions

obtained when 6 is selected as O, 1/P, or 1. The neutral

stability and second order accuracy make the Crank-Nicholson

Central Difference technique appear more attractive than the

purely -Exp1icit and Implicit methods. Pinder and Gray

(1977) have evaluated finite element, finite difference and

lagged finite difference techniques and judged the finite

difference method to be, "...the best overall choice in the

majority of transient finite element analyses." In this

work the Crank—Nicholson Central Finite Difference technique

was employed.
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Table 3: Summary of Neighted Finite Difference Schemes

Method Computational Stability Accuracy
Name Effort

O Explicit Minimal Conditionally First order

1/2 Crank— More than Neutrally Second order
Nicholson implicit
Central method
Difference

1 Implicit More than Usually uncon· First order
explicit ditionally _

· method
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The finite difference representation of the time

derivative of temperature at a node evaluated at the

midpoint of a time interval is expressed as

e=T1‘T°nmdt
At

T = nodal temperature

O = time t

1 = time at t + At

t = incremental change in time

Since the derivative is being evaluated at the midpoint of

the time interval, the temperature and force vectors of

equation [8] must also he evaluated at that point in time;

They can be expressed as

,< [T}1—{T}0—
[T] =‘-*-**-7*-** [20]

[F]1 — [F]O _
{1;-}* =.—-T-— [21]

Substituting eguation [20] and equation [21] into equation

[8] for {T} and {F} respectively yields

[T]1-[T}O ‘ {T}1—{T}0 {F}1—{F}O
[K]
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Multiplying through by 2 and grouping terms based on like

temperature vectors produces '

2 2<u<1 +E [C}){T}1 + <n<1 - E rcnmo 0 {23]

Rearranging so that only {T}1 terms are on the left hand

side of the eguation gives

2([K] +K; [C]){T}1 = (é [C] — [K]){T}O + {F}0 — {F}1 [N]

which is of the form

[A} {P} {T}Old · {F} {25}

At time t, the terms on the right hand side of eguation [25]

are known and a solution must be obtained for {Thmw .
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Since that eguation is of the form

[A] {T}n€w = {FL [26]

it can be solved by standard computer routines designed to

solve linear simultaneous equations of this form.

lnelnsien ef äeundari Qenditiene

The boundary conditions and assumptions for this problem

included 1) specified temperature along the surface of the

pond where soil and water were in contact, 2) constant soil

temperature at some depth below the pond, 3) no heat flow

parallel to the soil surface below the pond bottom and at

some distance from the pond and U) calculated radiation,

evaporation and convection fluxes to or fromi the soil

surface. These conditions are clarified by the use of

Figure 6. A fifth boundary condition of no heat flux across

lines of symmetry, not shown in the figure, allowed the

exploitation of symmetry to reduce the size of the domain to

be modeled.

Inclusion of these boundary conditions in the computer

model required that the appropriate equations be applied to

the elements and that these elemental equations be inserted
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into the correct positions in the assembled (global) E

matrices and vectors. In the case of a specified
l

temperature, this was accomplished as described by eguation i

[A·19]. The boundary condition of zero heat flux parallel ‘E

to the soil surface below the pond and at some distance from ä
the pond was easily accomplished by specifying that the é

values of the elements in the force vector for those nodes é
were zero in eguation [25]. The boundary conditions which 2
were the most difficult to specify were those which occurred ä

at the soil—atmosphere interface. Where those boundary ä

conditions occured, the element would usually have only one é
of its triangular surfaces specified hy three of its nodes é
exposed to the atmosphere. The three exposed nodes E

. . . Idetermined which rows and columns of the element matrix I
equations would be non—zero (see eguations [15] and [16]).I

t
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Once this was determined for each element, the values of the

elemental boundary condition eguations could be added into

the global matrix eguation [25].

The eguations discussed thus far have all been linear '

functions of temperature except for the ones which

characterize the radiative energy loss from the soil surface

to the sky. This phenomenon obeys the non-linear radiation

heat transfer eguation that is a function of temperature

raised to the fourth power, namely

u uq = E O(Tsoil Tsky) [27]

G = Stefan-Boltzmann constant

Tsoil = soil temperature (absolute)

Tsky
»= effective sky temperature to which the soil is

exposed (absolute)
qw

= radiation energy flux.
6 = emissivity ~

Eguation [27] may be rearranged into a linear form when the

absolute temperature difference is not large. The linear

form is written as

q = O(Ts2oil + Täky) (Tsoil + Tsky) (Tsoil
_

Tsky) [28]

„......„„...„..„„i„tt.tt.ttt



39

which is of the form

I q = hr(Tsoil _·Tsky) [29]

hr = radiative heat transfer coefficient.

The temperatures used in hr must be in the absolute scale

for the units to match, however those used in the difference

can be in degrees Fahrenheit or Celsius depending on which
I

Stefan-Boltzmann constant is used. This makes it E

convenient when inserting the radiation eguation directly

into the matrix eguations. To allow this linearization to

be used without iteration, it was assnmed that the energy

loss from the soil does not appreciably change the soil

surface temperature from one time increment to the next,

thereby producing an erroneous radiative heat transfer

c0efficient„ Such an assumption is valid when relatively

small time increments are involved and the heat capacity of

the soil is sufficiently high.

Qenxesfien Qedel
when the model was originally conceived, convection

heat loss calculations were to be made for the soil surface
at some distance from the pond as well as in the vicinity of

the pond itself. Conseguently, a relationship was sought

F
t.„„„„„„„„„„„„„„„„„„„„„„„„„„„„„„„„„„„„„....„...„„.„„„„„„„.„„„„„„„„„„„„„„„Q
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which would relate heat lost from a relatively flat surface

to wind speed and soil and air temperatures. Conventional

convection heat transfer coefficient equations employ a

characteristic length of the body transferring heat in their ‘

formulation. In this problem there was no characteristic

length, therefore, that type of formulation could not be

applied.

A review of the literature found several relationships

for establishing a convection heat transfer coefficient for

airflow over large flat surfaces. McAdams established the

following relationship based on work he performed with 0.5m

(1-6M ft) square vertical copper plates

h = 1.09 + 0.23 V (V g 16) [30]

— h = 0.53 V°•79 (16 < V g 100) [ [31]

h = convection heat transfer coefficient

(BTU/h—ftZ—0F)

V = air speed (ft/sec)

Since the original work was done, these eqnations have been

modified and appear in the ASHRAE Handbook of Fundamentals

(1977) as
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h = 0.99 + 0.21 V (V g 16) [32]

h = 0.50 V¤•8 (16 < V g 100) [33]

Beard and Hollen (1969) used an average of others' results

concerning the Variation of shear stress with wind speed and

(found

T = 28.2 x 10** DV?/gz for rough water [3ü]

r = 19.75 x 10** ;>VZ/gc for smooth water [35]

T = surface shear stress

V = air speed

p = density of air

gc = gravitational constant

This value of shear stress was then used in the Reynolds

analogy to solve for the convection heat transfer

coefficient as °

. g 1 2 l/3 [36]V P u

Cp = specific heat of air at constant pressure
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k = thermal conductivity of air

M = absolute viscosity of air

Bolz and Tuve (1970) tabulated values of the convective heat

transfer coefficient as a function of air speed for a '

vertical flat plate without verifying the source of the

table.

The convection heat transfer coefficient as a function

of wind speed is plotted in Figure 7 based on the eguations

and values proposed by the previously mentioned sources.

The eguation used by Beard and Hollen (1969) for smooth

water is probably not applicable for convection heat loss

from the soil and will not be considered further. From

Figure 7 it is apparent that the relationships presented by

Beard and Hollen (1969) for rough water, by ASHRAE (1977)

and by Bolz and Tuve (1970) produce similar results for wind

speeds up to 6.1 m/sec (20 ft/sec), but the values of the

convection heat transfer coefficients tend to diverge beyond

this wind speed. Beyond a wind speed of 6.1 h/sec (20

ft/sec) the extrapolation of the Bolz and Tuve (1970) values

‘and the results of the Beard and Hollen (1969) eguation

never differ by more than 20% from the values produced using

the ASHRAE (1977) eguations. For this reason, the pair of

ASHRAE (1977) equations were used to model the convection

heat transfer coefficient used in eguations [15] and [16].
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äediatéen Medal
Net long wave radiation from the soil surface to the sky

follows the Stefan-Boltzmann Law shown in eguation [27]. On

a clear night, moisture_and carbon dioxide in the atmosphere '

intercept some of the energy radiated from the surface and

reradiate it back to the earth. For this reason, the

temperature of the sky to which the soil is radiating can

not be considered at absolute zero. Kreith (1965) stated

that this temperature is on the order of -¤5.5 OC (-50 OF)

on a cold clear night. Van Wijk (1976) estimated that a

body at 7 OC (H5 OF) emits long wave radiation as a black

body at the rate of 5.229 x 10* J/h-mz (110.5 BTU/h-ftz),

while the net radiation from soil has teen measured as

ZU-36% of this value with a clear sky. Sutton (1953)

tabulated results produced by various sources which show

nocturnal radiation in the range of 22-U9% of radiation to a

black body for surface temperatures in the range of -8 Oc to

30 OC (17.6-86 OF)- Sutton (1953) also tabulated results of

work done by Simpson (1928) which were an estimate of

nocturnal radiation to a clear sky at locations where the

vapor pressure of the air was greater than 1 millibar. The

results of these sources are summarized in the graph of

Figure 8.

l
V

.._.._____________________________________________________________J__J___J__JJ_ J
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Eagleson (1970) presented a graph of radiation intensity

using the Stefan—Boltzmann Law for various body temperatures

and emissivities, which was first published by the 0.5. Army

Corps of Engineers. On this graph the emissivity of clear '

sky had the value of 0.75. Assuming the soil radiated with

an emissivity of 0-90, a net radiation (soil radiation — sky

reradiation) was obtained and also plotted on Figure 8- It

is interesting that these values follow quite closely the

minimum curve suggested by Simpson (1928). Other net

radiation calculations with the curve presented by Eagleson

(1970) did not produce the maximum curve suggested by

Simpson (1928).

Van Wijk (1976) suggested a net radiation model that has

been proposed by Brunt and also by Angstrom which is of the

form

H =· 6 ¤(TSOil
)‘ — f(p)(TaiI )‘ [37]

H = net heat loss from soil

E = emissivity °

O = Stefan-Boltzmann constant

Tsoil = absolute temperature of the soil
Tair = absolute temperature of the air at a short

distance (several feet) above the ground.

f(p) = empirical function of the square root of partial

pressure of moisture in the air-
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Brunt and Angstrom each had a different formulation for the

function fip), but the major limitation for using the

function is that the coefficients of the function must be

determined for each locality. The magnitude of these

coefficients also vary substantially from one locality to

the next. Thus, it is difficult to generalize the equation

outside of the region for which the coefficients are known.

The presence of a coefficient on the (Tair )* term does not

allow linearization of the eguation as discussed in the

Inclusion of Boundary Conditions section. Conseguently,

this type of model was not pursued.

various sources contributed to forming the model that

was finally developed. Van Wijk (1976) suggested that the

net radiational heat loss should be multiplied by a factor

to account for cloud cover. This factor takes the form

factor = 1 · mv [38]

m = cloud cover (tenths) '

v = cloud type factor

v = 0.9 low clouds

v = 0.2 cirrus clouds

v = 0.8 average

Kreith (1965) suggested that the emissivity to be used

1
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when two gray bodies are exchanging radiation can be

calculated by the formula

6 =· 1- —
·

mit ($-+1}--1) [39]
E1 L2

when gsoil is equal to 0.91 and gclear sky is equal to

0.75, the value of gnet is 0.7.

Brunt's and Angstrom's function t(p) did not increase in

value for increases in the partial pressure of moisture in

air beyond about 3123.3 Pa (0.¤53 psi). ln the model, a

function called VAPFAC was developed which had the value of

zero at a partial pressure of zero and increased linearly to

the value of one at a partial pressure of 3123.3 Pa (0.¤53

psi). 6The value of VAPFAC then remained constant at the

value of one for larger values of partial pressure.

with this information available, the radiation model was

developed as

H l: Enet G Coef [msoil
)¢ • (T clear sky

)‘] [ao]

coef = [1-A*VAPFAC(1—VAPFAC/2) — m * v] [U1]

A = constant
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Testing of the model showed that Simpson's upper and lower

limits of clear sky radiation could be modeled with best

results (see Figure 9) when the following values were

assumed in this set of equations: ‘

Upper limit:

VAPFAC = 0.0

v = 0.0

Tclear sky! = U00 R

enet = 0.7
A = 1.25

Lower Limit:

VAPFAC = 1.0

v = 0.0

Tclear sky! = U00 R

Enet = 0.7

aA = 1.25 ‘

Increases in the cloud cover factor (m) produced appreciable

reductions in the net radiation heat loss even with low

values of VAPFAC. when the value of VAPFAC was greater than

0.175 and cloud cover factor (m) was egual to 1.0, the value

of (coef) became negative.

! (Kreith, 1965, had suggested approximately U10 R.)
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A check in the computer program sets the variable (coef)

equal to a small value greater than zero when this occurred.

The partial pressure of 120.7 Pa (0.079 psi) produced a

VAPFAC equal to 0.175. _ This would be considered a moderate '

to high air moisture condition for temperatures between

about -1 OC (30 OF) and U OC (UO OF). Below -1 OC (30 OF)

this vapor pressure could not exist. Therefore, the

prediction of low net radiation from the soil under high

moisture air and full cloud cover is not unreasonable.

ließe Hegleelen Hegel
Solar radiation on the soil surface is an energy input

to that boundary. Consequently, a model was developed which

used measured solar radiation incident on a south facing

surface sloped at an angle of 52 degrees from the

horizontal. The model was based on eguations provided by

Duffie and Beckman (197U). Input variables include

1- solar radiation incident on a south facing surface

elevated 52 degrees from horizontal, °

2. number of the day of the year,
V

3. value for the eguation of time provided in a graph

(Figure 2-7.1, page 19, Duffie and Beckman, 197U),

Q. hour of day,
“ 5. absorptivity of the soil surface, and

6. data characteristic of the location (Blacksburg, VA)
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are constants in the model and must be changed for

different locations.

The model had the capability of calculating the solar flux

incident on a horizontal surface and on surfaces facing ‘

. south, east, and west sloped at M5 degrees. The radiation

calculated as incident on the sloped surfaces was to be

applied to the pond berm surfaces. Since these surfaces

were not included in the boundary of the problem to be

solved (see section on Simplifying Assumptions), no use was

made of the values calculated for these sloped surfaces.

Exeneretiee äedel
Evaporation of moisture from the soil surface is another

path of energy loss from the soil surrounding the pond. A

review of the hydrology and meteorology literature for

evaporation models revealed several methods that have been

investigated. One model relied on knowledge of air velocity

and saturation vapor pressure gradients from the soil

surface to some distance above the surface. Mather (197U)

described this type of data as being very difficult to

obtain with accuracy therefore, it was not collected during

this investigation. Other models are more empirical,

usually assuming solar energy is the only source of energy

available to evaporate water. Since these techniques were

not applicable in the situation under consideration, an
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attempt was made to estimate the energy losses from the soil

surface due to evaporation. During the period that the four

electrically heated ponds were being tested, water had to be

replaced in ponds that did not have insulation at the water- °

air interface. The quantity of water added to each pond was

measured with a conventional household water meter. The

calculated evaporation rate from the ponds was probably the

closest estimate of potential evaporation from a free water

surface that could be obtained under the conditions of the

tests. However, this rate was only the average evaporation

rate for the several days between water additions and was

for the water surface only. Consequently, a model was

sought which might relate evaporation rate from a soil

surface to the controlling parameters of soil moisture

content at the surface, wind velocity, soil temperature,

relative humidity of the air, and average’ potential

evaporation for a period. Such a relationship was developed

which incorporated the following expectations: '

1) When the soil surface moisture content is at or

above field capacity, and the soil temperature is

equal to that of the pond water, and the wind

speed and relative humidity of the air is equal

to the average during which the potential

evaporation rate was determined, then the
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evaporation rate from the soil should equal the

average rate from the pond surface.

2) No evaporation will occur when the surface soil

moisture is _less than or equal to the wilting '

point of the soil.

3) Decreasing the soil temperature below that of the

pond water temperature will tend to reduce the

rate of evaporation until the soil surface

freezes, whereupon evaporation from the surface

ceases.

4) Air of 100 percent relative humidity has zero

potential for promoting evaporation from the soil

surface.

5) Decreases in wind speed below the average for the

period will produce a linear reduction in the

soil evaporation rate. Increases in wind speed

will produce the opposite effect.

L-.„..—....—......._._...._....l.._ll.__ll__lll__r __ __l __ __„ l__l _i
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Based on these observations, the following relationship

was developed

EVAP = CANCEL*SMOISTF*((wINDF + RELHUMF + STEMPF)/3.0)*PE °

{O2]

EVAP = EVAPoration rate from soil.

PE = Potential Evaporation rate;

. evaporation rate from the pond.

CANCEL = has the value 1, except it is zero

when soil temperature falls below 0

OC (32 OF).

SMOISTF = Soil MOISTure Factor. Varies

linearly from zero at wilt point to

one at field capacity. Has the

— value of one for soil moisture

greater than field capacity.

WINDF = WIND speed Factor. Varies linearly

from zero at zero wind speed to one

at average wind speed for the

period. It will have a value

greater than one for wind speeds

greater than the average.
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STEMPF = Soil TEMPerature Factor. Varies

linearly from zero at O OC (32 OF)

to one at 20 C(68 OF)-

RELHUMF =_RELative HUMidity Factor- Varies '

linearly and was inversely

proportional to ambient air relative

humidity. Has the value of one at

the average relative humidity for

the period and zero at 100 percent

relative humidity.

äimnlifiinq Aseemnfiens

It was explain in the Inclusion of Boundary Conditions

section that the boundary condition of zero heat flux in the

direction away from the pond was assumed at some distance

from the pond where isothermal lines in the soil were

parallel to the soil surface. During the discretization

process it became apparent that modeling such a distance

from the pond would produce an excessive number of nodes

which would cause computer storage capacity to be exceeded.

Several alternatives to this problem were explored. One

alternative was oft—line storage of data that would normally

be stored in computer core memory in the form of subscripted
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variables. when these variables are changed frequently,

large expenditures for writing to and reading from off·line

computer storage devices can be expected. Consequently,

this procedure was employed only with those arrays that were “

not expected to change freguently~ Another alternative that

also conserved computer core memory was the multiple use of

subscripted variable names, that is, when an array was no

longer needed for storinq one type of information, it was

used to store another type, thus avoiding the use of core

memory for unneeded information.

Another alternative resulted in some savings in computer

core memory storage. Square global matrices with zeroes

outside of the banded region were stored as vectors

containing the elements of the banded portion of the matrix

only, thus eliminating the need for storing the large

numbers~ of zeroes. None of these computer techniques
A

reduced the number of nodes being modeled and, consequently,

did not reduce the storage requirements sufficiently. A

fourth alternative involved restructuring the model. Since

modeling soil temperatures at a large distance from the pond

required an excessive number of nodes, an alternative was

needed which would require fever nodes. Upon examination of

soil temperature data collected with the huried

thermocouples, it became apparent that the soil temperature,
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measured at a short distance from the pond edge and at an

appropriate depth, did not change very rapidly and could be

considered constant for relatively short periods of time

(ZU-M8 hours). Figure 10 is a plot of soil temperature
“

versus time for various depths which shows that soil

temperatures below about 0.6 m (2 ft) do not change rapidly.

For this reason it was concluded that, when modeling over

the short term, the boundary of the region could be assumed

at a closer distance from the pond if the houndary

temperatures below a certain depth were specified and

unchanging (see Figure 11). Above the 0.6 m (2 ft) depth,

the soil temperature is influenced hy Variations occurring

at the soil·atmosphere interface. This depth is confirmed

by Sutton (1953), who claims that diurnal Variations in soil

temperature are negligible below 0.5-0.6 m (1.8-2.0 ft).
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Along the boundary and to the depth of the diurnal

temperature variations, the boundary condition is estimated

as a heat loss through the soil which is a function of an

average temperature gradient that might be expected during

the period of test. Since energy losses at the soil-

atmosphere interface are so large (25 times greater)

relative to that lost from a surface node to other soil

nodes, errors introduced by this technique for a surface

node were insiqnificant. Errors introduced for a subsurface

node are in direct proportion to the error in estimating the

gradient. If the soil surface was horizontal (no berm

present), the gradient would remain fairly constant even

with the nodal temperatures near the surface fluctuating in

response to forces occurring in the surroundings. The

presence of a berm adds a damping condition for nodes just

outside the model boundary which makes it difficult to

estimate the gradient. This damping effect may produce a

heat flow from the boundary node that is estimated to be a

maximum of 50% different from that produced by a constant

gradient. Consequently, a gradient for boundary nodes

between the ground surface and 0.6 m (2 ft) depth were

estimated at the beginning of each test period and this

gradient remained constant during the test period. It must

be emphasized that this technique is valid only for short

1
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periods of testing and relies quite heavily upon having

sufficient data available which places a great restriction

on the universality of the model- However, it was necessary

that a set of boundary conditions he specified at a short '

distance from the pond edge so the model could be employed.

After each iteration, the finite element scheme

establishes the temperature at each node. Once the

temperature distribution is known, the heat flow from the

pond can be calculated as the heat flow from a pond surface

node to nodes in the soil surrounding the pond. The nodal

heat flow calculation scheme was that used by Kreith (1965)

as a relaxation technique. This technique is reasonably

accurate in the interior of a heat conducting material but

is of limited value near the boundaries. In this study, one

such location where these limitations occurred was along the

top edge of the pond. Here the temperature at the soil—

atmosphere interface varied over quite a large range, while

that at some depth below the surface of the ground was

appreciably damped out- However, the heat flow calculation

technique used the temperature of the surface node which may

not be representative of the temperature of the region to

which heat was flowing. A refinement of the element grid

would minimize this problem, although such a refinement_

would increase computer storage requirements and increase
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the time required to obtain each solution.

As water is frozen in the soil, the latent heat of

fusion is given up to the air. when this heat of fusion is

liberated at the soil surface, it has a tendency to keep the '

soil temperature closer to that of the freezing point than

if no moisture were present to be frozen. In other words,

soil moisture freezing damps the low soil surface

temperature extremes at the soil·atmosphere interface.

Since the elements selected in this study were fairly large

and since soil freezing has to be considered on an element

by element basis, the latent heat of fusion was not modeled

in this study. This may result in lower soil surface

temperatures with resultant excess conduction heat loss

predictions at the soil surface as discussed in the previous

paragraph.

F
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Seil Qenénsiixifi
The movement of energy through soil is a complex

process. Energy moves through the mineral particles by

conduction. This process is limited by particle to particle '

contact area and the conductivity of the soil minerals.

Since the conductivity of water is 22 times greater than

that of air, the couductivity in sands increases rapidly as

the liquid moisture content of the soil increases, whereas

in clays there is a typical lag in soil conductivity as the

moisture content increases whereupon it increases suddenly

(Figure 12). The explanation for this appears to derive

from the larger number of particle—to·particle contact

points in a clay compared to a sandy soil and the larger

surface area of clay particles compared to sand grains. The

larger surface area of the particles in a clay will absorb

more water than will the sand. Therefore, much more water

must be added to a clay before a water “bridge" forms at the

particle contact points. Liquid water accumulates at

particle to particle contact points increasing the effective

area of contact. This allows energy to flow more easily

from one particle to the next (Kohnke, 1968), (Chudnovskii,

1962), (Ioffe and Revut, 1966).
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As the moisture content increases, soil particles become

enclosed in a film of water which provides an easier path

for the energy to follow than does the air in the voids.

when the soil is saturated, its maximum thermal conductivity ‘

is achieved. The maximum thermal conductivity will never

equal that of the soil minerals because the water has a

thermal conductivity that is only 0.1U that of the soil

minerals (Kohnke, 1968). Because clay soils usually have a

greater porosity than sandy soils and conseguently a lower

density of mineral material, the conductivity of clays will

be lower than that of sands.

Energy can be transferred in a moist porous medium (i.e.

low water content soil) by the process of moisture

diffusion. According to Tye {1969), this process can

account for relatively large rates of energy transfer in the

soil when the soil temperature is above 30 GC (86 GF).

Energy transfer between soil particles by radiation can be a

significant mode if the soil has large pore size, 'is at low

moisture content and relatively high temperature gradients

exist (Ioffe and Revut, 1966). This condition might be

encountered in desert soils. Convection heat transfer by

the movement of air within the voids of a soil appears to be

more significant when the pore size is larger (sands) than

when it is smaller {clays) (Ioffe and Pevut, 1966). It is
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also limited to the case of relatively low soil moisture.

Finally, energy transferred by the percolation of excess

soil moisture can be the major mode of energy movement in

the soil when conditions are conducive for this process.

when this model was conceived, the design temperatures

to be expected from the energy storage device were to be in

the vicinity of 20 °C (68 °F) and temperature gradients in

the soil were expected to be small to moderate. The soil

was known to be a clay with small particle size. For these

reasons, the effective soil conductivity was expected to be

uneffected by the radiation and diffnsion modes of heat

transfer. Over the period of a winter, the soil moisture

content might be expected to remain relatively constant

because the presence of frost in the top layers of soil acts

as a barrier to water infiltration. The soil moisture
i

should be near the field capacity most of the winter (Amos,

1979). For these reasons the estimates of soil conductivity

were based on a soil moisture content of about 32%°by volume

(Yong and Warkentin, 1966). The computer program has the

capacity of accepting any soil conductivity specified for

frozen and unfrozen soil. Based on average soil temperature

for an element, the program determines which elements are

assigned conductivity for frozen soil and which elements are

assigned conductivity for unfrozen soil.
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As previously mentioned, the model was capable of

accepting specified soil thermal conductivity, heat

capacity, density, and other pertinent characteristics.

Discussions with Amos _(1979) established that the soil '

surrounding the test ponds had an average porosity of 40%

and a dry density of 1.5 g/cc (93.6 lbs/ft?). Assuming

field capacity as 32% volumetric moisture content (Yong and

Warkentin, 1966), the moist density was calculated to be

1.82 g/cc (113.6 lbs/ft!). With this information, various

sources were consulted to establish soil thermal

conductivity and heat capacity. Yong and warkentin (1966)

suggested eguation [43] as a means of calculating soil

thermal conductivity.

k=fwkw+fS ks [43]

k = thermal conductivity

f = fractional portion of material in the soil

w = refers to soil water

s = refers to soil minerals

They also presented a graph of soil thermal conductivity vs.

moisture content (dry weight basis) for a variety of dry

densities and soil types. In his thesis, Vaughan (1972)
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reported equation [HU] for calculating thermal conductivity.

k = (0.9 log M — 0.2)10°•°¤Äd [UM]

k = thermal conductivity (BTU-in/h—ft2-OF)

M = m0isture_content , dry weight basis '

Äd= dry density (lbs/ftß)

Ioffe and Revut (1966) presented a nomograph from which soil

thermal conductivity and heat capacity can be selected. Van

wijk (1976) tabulated some values of soil thermal

conductivity as a function of moisture content. These

thermal conductivity values and those just mentioned are

presented in Figure 13. From this figure, it is apparent

that soil conductivity can be quite variable. The soil

thermal conductivity was selected as 1.12 J/sec·m·°C (0.65

BTU/h—ft-OF).

1.. .......... .. .......... .. - ..
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The heat capacity of the soil was calculated by eguation

[H5] suggested by Yong and Warkentin (1966).

C = Ya Csp + Tgö Cw
r [[*5] .

w = moisture content (dry wt. basis) _

C = soil heat capacity

CSP = heat capacity of soil particles

CW = heat capacity of water

· yd = soil dry density

The previous assumptions were the basis for calculating the

soil heat capacity as 2.507 J/g—°C (0.6 BTU/lb-°F).



RESULTS AND DISCUSSION

Agde; Xerifisaiien

To verify the capability of the model, computer Program

U was executed using measured and interpelated soil

temperatures in the vicinity of the pond as initial input

data. weather data were used as input to the model for

. computing pond heat loss through time.

The initial soil temperature distribution in the

vicinity of the pond was obtained by executing Program 2

with temperatures measured at midnight on March 1H, 1978.
( Program U was executed with one hour time steps through the

period March 15 to March 18, 1978, using solar energy and

air temperature data measured at the VPI S SU Swine Center,

Blacksburg, relative humidity data measured at the

Agricultural Engineering Farm, Blacksburg and average wind

speed and cloudiness data measured at Woodrum Field,

Roanoke. The weather during the period ranged from cloudy

to sunny with average wind speeds reaching a maximum of 9.25

m/sec (20.7 MPH). Ambient air temperatures for the period

are pletted in Figures 1M through 17.

To determine how closely the simulated temperatures

produced hy Program M compared with those measured, several

‘ 72

1
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graphs of temperature were plotted. Figures 1u and 15

depict ambient air temperature and soil temperature measured

0.33 m (l foot) from the pond edge at the 0.15 m (0.5 ft)

and 0.66 m(2 ft) depths_during the March 15-18, 1978 period. '

Minimal diurnal variations in temperature exist at the 0.66

m (2 ft) depth. Temperature variations at the 0.15 m (0.5

ft) depth are greater than at the 0-66 m (2 ft) depth. The

temperature curve at the 0.15 m (0-5 ft) depth has a similar

shape to the ambient air temperature curve, but its maximums

and minimums lag behind the maximums and minimums of the

ambient air temperature.

Figures 16 and 17 represent ambient air temperature and

simulated soil temperatures at the ground surface, 0-33 m (l

ft) and 0.66 m (2 ft) depths. Temperature measured at the

0.15 m (0-5 ft) depth are also plotted in the figures. As

shown in these figures, the model predicts soil surface

temperature following ambient air temperature quite closely

during the days when the sun is shining- On March 15, 1978

solar energy was greatly reduced due to heavy cloud cover.
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As a result, predicted soil surface temperatures were not so

close to the ambient air temperature. Soil surface

temperature at night was simulated to be appreciably lower

than ambient air temperature, illustrating the effect ’

commonlv referred to as radiational cooling and was an

example of what can happen when the heat of fusion was

omitted from the model as was discussed in the Simplifying

Assumptions section. The simulatei temperature at the 0.33

m (1 ft) iepth iucreased and decreased over a larger range

than did the simulated values at the 0.66 m (2 ft) depth.

The simulated maximum and minimum values of temperature at

0.33 m (1 ft) lagged behind those measured at the 0.15 m

(0.5 ft) depth. Tables U and G are a tabulation of the best

estinate of the time of occurrence of the maximum and

minimum temperature for the various depths. A dash in the

table —represents the inahility to locate a maximum or

minimum in the data. Linear regressious were developed for

these values and are plotted in Figure 18. Tt is apparent

from this plot and Tables ¤ and G that +he simulated maxima

and einima for the various iepths occur at the correct time

of dav compared to the measured values, even though soil

temperatures were not measured at either the soil surface or

the 0.33 m (1 ft) depth.
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Table ü: Time of Maximum Temperature as a
Function of Depth

DEPTH

0.15 m 0.33 m 0.66 m
Surface (0.5 foot) (1 foot) (2 foot)

Date Simulated Measured Simulated Measured Simulated

3-1Q-78 1ü 21 - H8 -

3-15-78 1ü 20 2U UO 36

3-16-78 12 21 - 38 4 36
3-17-78. 1ü 19 20 3U -

3-18-78 1ü 18 23 3M 3M
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Table 5: Time of Minimum Temperature
as a Function of Depth

DEPTH

0.15 m 0.33 m 0.66 m
Surface (0.5 foot) (1 foot) (2 foot)

Date Simulated Measureö Simulated Measured Simulated

3-1Q·78 · 8 - 35 -

3-15-78 6 10 1U 28 22

3-16-78- 2 10 12 2U W -

3-17-78 8 8 13 26 2M

3-18-78 6 8 1U 21 ° 22
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The average simulated energy loss to the soil for the

four days of test was 29.7 MJ/day (28.15 k BTU/day), Using

power consumption measurements for the tour-day period of

March 1M to March 18, _ 1978, which included the four-day ’

simulation period, and the assumption of 107 of total energy

loss for Pond 2 occurred to the soil (Holmes, Vaughan, and

Hell, 1978), the average measured energy loss was 31.52

MJ/day (29.88 k BTU/day). Comparison of the simulated

results with the measured results shows that simulated

results are within 1.82 MJ/day (1.73 k BTU/day) or 5.87 of

measured results.

P
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lasulatiee Irsaiasuta ueäeled
since insulation of an energy storage pond can be done

durinq pond construction or after the pond has been in use

for some time, two insulation treatments were modeled. Une ‘

treatment involved insulation of the ground-atmosphere

interface to a distance of 0.33 m (1 ft) from the pond edge

and also at a distance of 0.33 m (1 ft) from the pond edge

to a depth of 0.66 m (2 ft). This treatement represents the

case where insulation is installed after a pond has been in

service for a period of time (Figure 19). Without draining

the nond, a trench could be excavated around the pond's

perimeter. This treuch would be filled with insulation.

The ground rurface would he insulated and covered with a

layer of sail for protection from traffic and the elements.
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The second case modeled represents the insulation

treatment that might be used when a pond is insulated during

construction. Tn this case the ground surface comprising

the pond banks and bottom are insulated prior to filling the ’

pond with water or wastewater (Figure 20). Poth treatments

assume an impermeable water barrier is used to line the

pond, thus eliminating heat loss by infiltration of warmed

water into the soil. The insulation simulated in these

tests had a conductivity of 90.7 J/h—m—°C (0.016 BTU/h-ft-

OF) and a thichness of 0.10 m (0.33 ft) was employed. The

results of the simulations are depicted in Figures 21 and 22

and summarized in Tables 6 and 7.

The average simulated energy loss to the soil from the

pond insulated on sides and bottom for the four days of

testing was 0.00 MJ/day (U.F¤ h BTU/day). Using power

consumption measurements for the four—day period of March 1U

to March 18, 1078, which includes the four·day simulation

period, and the assumption that 30% of total energy loss

occurring from pond U through the insulated pond sides and

bottom (Uolmes, Vaughan, and Bell, 1078), the average

measured energy loss was 0,U1 MJ/day (8.02 KBTU/day).

Comparison of the simulated results with the measured

results shows that simulated results underestimated measured

results hy M.01 MJ/day (U.28 k BTU/day) which is U87 of the

measured results.

L
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several explanations can ke offered for the simulated

results being less than measured results. The temperature

distribution assumed may be one source of error. Soil

temperatures were not_ measured in the vicinity of the '

insulated ponds, conseguently, a temperature distribution

for a pond with sides and bottom insulated was assumed for

the simulation. An overestimation of soil temperature next

to the insulation by only 2.8 OC (G OF) could account for an

underestimate of heat loss by about 1.12 MJ/day (1.08 k

BTU/day).

Since the measured energy loss through the insulated

pond sides and bottom were really an estimate, based on 30%

of the total measured pond energy loss leaving by this mode,

an overestimate of this mode of loss could produce a

substantial error. tor example, an assumption of 2G% loss

by this mode instead of the original assumption of 30% would

result in an energy loss rate of 7.81 MJ/day (7.U F BTU/day)

comnared to the 9.¤1 NJ/day (8.97 k BTU/day). ' A third

explanation, possihlv the most significant, is the presence

of cracks in the insulation. The insulation used in the

experiments consisted of 0.M6 m x 0,91 m (1.5 ft x 3 ft)

modules that were cut to fit the pond shape. The heat

transferred by eonvection through these cracks was estimated

to be 1.88 MJ/dav (1.78 k PTU/day) when the following

11
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assumptions were made:

1. crack area represents UT of total pond

wall area

2. convection heat transfer coefficient of ‘

0.02 MJ/h—m?—°C (1 BTU/h-ft2—°F)

3. average temperature difference between

soil and water of 5.6 CC (10 PF).

If these three conditions were to occur simultaneously, the

discrepency between simulated and measured results would be

almost totally explained.

From Figures 21 and 22 and Tables 6 and 7, ir is

apparent that insulation of the soil surface and in a trench

of 0.66 m (2 ft) depth can demonstrate an energy savings of

about 67* compared to the no insulation case. Insulation of

the nond sides and bottom demonstrated an energy savings of

about 8U7 cowpared to the case when no insulation was used.

The execution time for Program U required approximately

1 hour and 12 minutes for each day of simulated results,

using a one—hour time increment. Fonseguently, testing of

the program for more varied conditions of weather, pond

water temperature, soil conductivity, or insulation

characteristics would reguire much more computer time than

was available.

l
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Table 6: Summary of Daily Simulated Energy
Loss to the Soil

Insulation Treatment

Ground Surface Bond Sides and
Date Uninsulated Insulated Bottom Insulated

MJ MJ MJ
(k BTU) (k BTU) (k BTU)

3-15-78 26.15 9.65 3.85
(2¤.79) (9.15) (3.65)

3-16-78 25.U8 9.11 ¤.55
(27.15) (8.63) (U.31)

3-17-78 30.0U 9.58 U.97
(28.Q7) (9.08) (U.71)

3-18-78 30.93 10.31 5.21
(29.32) (9.77) (¤.9¤)

L
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Table 7: Comparison of Simulated Insulation
Treatments to No lnsulation

Heat Loss Ratio Resulting
from Insulation Treatment

Ground Surface Pond Sides and
Insulated Bottom Insulated

Date -----------—-- -—--------------
Uninsulated Uninsulated

3-15-78 0.37 0.15

3-16-78 0.32 0.16

3-17-78 0.33 0.17

3-18-78 0.33 0.17

‘



'\/SDNNAFY ANDCONCLDSIONSFnerpy
losses from an energy storage pond were

investigated. To simulate these energy losses, a three-

dimensional finite element model was developed and

implemented with the aid of a high speed digital computer.

The model was capable of handling Variations in weather

conditons, storage pond water temperature and guantity and

location of insulation that might he applied to the soil.

Four warmed water storage ponds were constructed to provide

initial conditions for the model and to verify model

results.
The conclusions derived from the investigation are as

follows:
1.- The molel predicted soil temperatures and responded

in an appropriate manner to the boundary conditions

applied, The lonq execution time on the computer

limits the use of the model for studying the

effects of a large number of input parameters.

Fxcessive computer core memory reguirements limit

the model from being used with the most appropriate

boundary conditions at some distance from the pond.

The houndary conditions at the soil—atmosphere

' 93
>e
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interface were limited hy available information on

heat transfer hy evaporation and convection from

the soil.

2. The model predicted energy loss from the pond to ‘

the uninsulated soil within 6.8" of the measured

enerdy losses. The model underestimated enerqy

loss from the pond to the soil hy M8? when the pond

walls and hottom were insulated.

Y. Based on the pond water temperatnres assumed,

energy loss to the soil from an uninsnlated pond of

the size investigated was of the order of magnitude

of 26.4-31.7 MJ/day (26-30 h BTU/day).

H, Inenlation of the soil—atmosphere interface and in

a trench 0.66 m (2 ft) deep located 0.33 m (1 ft)

from the pond edge reducel energy loss to the soil

. hy 677 compared to the case where no insulation was

used. i

0. lnsulatien of the soil-water interface reduced

energy loss to the soil hy 043 compared to the no

insnlation case.

V. Basel on conclusion nnmher U, it is apparent that

mnch ef the energy less from a pond of this size

and shape occurs as perimeter losses at the soil-

atmosphere interface area near the pond edge.

l t
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7. Conclusions U and 5 are hiqhly dependent upon

insulation type and quantity heinq used and the

weather condi+ions experienced hy the pond and

should, therefore, not he applied universally. ’



RECOMMENWATIONS

lt is difficult to_make general recommendations on how

any particular energy storage pond should be insulated.

Many factors, primarily economic, ldetermine which

alternatives should be pursued. Insulation of the energy

storage pond surface is definitely heneficial as shown hy

Holmes, Vauqhan, and Bell (1978). lnsulation of the soil—

atmosphere interface, even if just to minimize evaporation,

can show appreciable savings. Therefore, it is recommended

that this he seriously considered in any design as the

minimal insulation for an energy storage pond.

Methods hesides insulation are available for reducing

energy loss from an energy storage pond. Appropriate

vegetation planted in the vicinity of the pond could reduce

convection heat loss by reducing wind sneel. Net long wave

radiative heat loss could be reduced by the vegetation as it

shades the soil from exposure to a low temperature sky.

After a period of time, vegetative dehris could accumulate

on the ground producing an insulating layer. Mechanical

structures could he constructed to reduce convection losses.

Examples of this might include wind breaks and covers that

extend beyond the pond surface boundary. Snow acts as an

96
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insulating material. Appropriately placed snow fences would

cause snow to he deposited around the pond, thus providing

temporary insulation during the coldest periods of the year.

Observation of the results produced hy the various soil-

atmosphere interface boundary condition models indicates

that evaporation energy loss can account for as much as

30-5OW of the total_enerqy lost from this houndary when the

soil surface is not frozen. One technique for reducing

evaporation from this surface which might he accomplished

rather inexpensively and with appreciable energy savings is

to use a plastic vapor harrier covered hy a layer of coarse

material such as rocks. The rocks would drain quickly

preventing water from heing available for evaporation, and

woull also protect the plastic vapor harrier from

degradation. The vapor harrier would prevent moisture from

enterinq the evaporation zone hy capillary action and would

prevent excess surface water from passinq through the warmed

soil zone resulting in energy movement away from the zone hy

convection.

The computer program developed to implement the model

could have other applications in addition to the study of

energy loss from a solar energy storage pond. One use might

include the study of energy loss from heated helow—qrade

huilds or hasements. With some nodifications, the model

l
l „
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could he used to study heat loss to the soil from huildings

constructed without hasements.

The model could he used for further investigation of the

effect of increased storage pond temperatures and quantities

of insulation used as well as the effect of more extreme

weather conditions. Because very little information was

available ahout convection and evaporation heat losses from

the soil surface under winter conditions, more research

should be conducted in these areas.
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The Finite Element Method

Many problems can be specified with differential

equations which describe the behavior of an infinitesimal

region or with a variational principle valid over the entire

region. In the second case, the correct solution is one
l

which minimizes some functional (I) defined by integration

of the unknown quantities over the domain- Both methods are

equivalent (Zienkiewicz, 1971).

The differential eguation describing a physical system

is always written as a function of an unknown quantity (¢}

and its derivatives. The function is defined as an integral

over the domain (V) and its boundary (S) such that:

I=ff({¢},ä·ä·?fl-••) dV+fg({¢}, E-ä$:%...>dS [A-1]
v s

V = volume in three dimensions

S = surface in three dimensions

"The fundamental concept of the finite element method is

that any continuous guantity,..., can be approximated by a

discrete model composed of a set of piecewise continuous

functions defined over a finite number of subdomains"

(Seqerlind, 1976). The spacial subdomains are called
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elements and each element is delineated by the position of

several points within the domain. The continuous

function {¢} is defined by its value at a finite number of

these points or nodes. The equation for the continuous

function within an element is called an interpolation

function and can be written as:

ub} = LN1 {<1>}€ [^·2]

[N] = shape function of coordinates

{@}€ = values of the function (¢} at

the nodes or @1

@2

@n

For the functional I to be minimized over the whole domain,
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the following relationship must hold:

31
ö{¢}}

01

a{¢} ’ [A‘3]

BIa{¢}n

n = total number of different parameters

The element derivatives of the function can be written in a

linear form as:

Gii; = me me +11-ne [A·¤1
a{¢}

[k]e = square matrix of influence coefficients

(stiffness matrix) _
{F}€

= vector of resultant nodal actions (force

vector)

The equation to be minimized over the whole domain can be
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written as:

81 [K] {¢} + {F} ° 0 [A-5]
U

K.. = k,. E A-6{13] Zi U] [ l

- @ _(Fi} — Z(Fi} [A 7]

i = row number designation

j = column number designation

An element in three dimensions can be described as a

tetrahedron, right prism, or general hexahedron. In this

work tetrehedral elements were used. The four nodes of the

tetrahedron can be characterized by the subscripts i, j, k,

and 1. The linear interpolation polynomial for the

tetrahedral element is defined as:

{46} = ¤1 + ¤z>< + my + MZ . [A·8]

In the case of the tetrahedral element, the coefficients (q)

· I
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are established by the followinq set of equations:

¢i = G1 + ¤gXi + ¤3Yi + ¤qZi

Öj = G1 + 02Xj + G3Yj + Gnzj

¢k = al + azxk + q3Yk + Gqzk
[A’9 1

¢l = G1 + G2Xl + G3Yl + Guzl

where Xi, Yi, Zi refer to the x, y, 2 coordinates of the

i·th node and ¢i refers to the value of the
interpolation function at the i·th node, etc. These

equations can be written more concisely as:

@1

{ 1 Q2
<!> = MY] ,3 [A-10]

@¤

[¢]T = [¢i ¢j ¢k ¢l]

[A—l1]

[M] =
1 Xk Yk Zk

1 X1 Y1 Z1



T12

The vector {a} can he described in terms of the nodal values
1

of (¢} as

{@1 = [¤]" {M - [A·l2] 1

It should be noted that the determinant of [M] is six times

the volume of the tetrahedral element or:

6V = |m| [11-12)

and the inverse of [M] is obtained as

81Cia

b c d1 1 J 1[M-1··T = ..l_. [^·1‘¢]

When the nodes of the tetrahedral element are labeled

counterclockwise looking at them from node l, the elements

in the matrix of eguation [A—1U] can be obtained by the co-

factors of IM', namely:
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X. Y. Z. 1 Y, Z, '
J J J 3 3

ai = + Xk Yk Zk »bi = · 1 Yk Zk
X1 Y1 Z1 1 Y1 Z1

X. 1 Z. X, Y, 1
J J J J

ci = - Xk 1 Zk di = - Xk Yk 1
X1 1 Zl X1 Y1 1

Xi Yi Zi 1 Yi Zi
aj = + Xk Yk Zk bj = + 1 Yk Zk

X1 Yl Z1 1 Y1 Z1

Xi 1 Zi Xi Yi 1

cj = + Xk 1 Zk dj = + Xk Yk 1
Xl 1 Z1 X1 Yl 1

etc. withi the sign on the cofactor alternating with row.

Substitutinq [A—12] into [A—8] yields the equation for the

interpolation function:

¢ = [1 >< Y Z] [M]" {<I>} ·· [#*15]

The shape function is therefore:

[N1=[1¤<vZ][M1" [A·16]
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and now the general function ¢ can be expressed within the

domain of the element in terms of the values of {¢} at the

nodes of the element namely [o}.

To solve for the unknown values of © at the nodes, the

eguations for each element must be solved simultaneously.

This is accomplished by combining the elemental equations

into a set of linear simultaneous eguations that are of the

form of eguation [A—5]. The process of forming the

simultaneous eguations is known as "assembling" because the

process can be thought of as appropriately combining or

"assembling" the finite elements to form the complete domain

being modeled. A small example of how this is accomplished

will be helpful in understanding the process. If a domain

is discretized into two tetrahedral elements with five

nodes, the following set of elemental eguations may be

written with the subscripts being the node number of the

elements: _
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R11 R12 R13 R15 @1 F1R21 R22 R23 R25+ = OR21 R32 R33 R25 @3 F3
R51 R52 R52 R55 @5 F5

R22 k23 R25 R25 @2 F2R32 R33 R25 R35+ = OR52 R52 R55 R5s @5 F5
R52 R53 Rs5 Rss @5 F5

The "assembled" eguation then appear as:

R11 R12 R12 R15 0 @1 F1

R21 (R22 * R22) (R23 * RZ3) R25 k25 @2 F2
R21 (R22 * R22) (R22 * R22) (R25 * R25) k35 @3 = R2
R51 (R52 * R52) (Ruß * R53) (Run * RMM) RMS @M E2

Ü k52 R53 RSQ R55 <I>5 F5

2 , {^‘18]

When the boundary conditions are applied, this set of

simultaneous linear eguations can be solved for the unknown

values of the function [•®} at the nodes. One method of

applying the boundary conditions to this set of eguations is

as follows. If ©l is a known value of the function at

node one, say it is Bl , then the main diagonal element of
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the [K] matrix can be multiplied by a large number say 10*5

and the correspondinq element in the force vector can he.

replaced by B1K11><1O*5 producing the following set of

equations.

K11 x10*5 K12 K13 K111 O Öl BIKII X10lS

K21 K22 K23 K2u K26 @2 F2
K31 K32 Kßß Kßu K35 @6 =‘ F3 [***19]
Ku1 Ku2 Kuß Kuu Ku6 @u Fu
0 K52 K53 K6u K66 @6 F6

Since KH x1O*5 is so much greater than K12, K13 , or K1„,

solution of the set of equations will produce a value

for Ö1 = B1.





ENERGY LOSS.TO THE SOIL SURROUNDING
A BELOW GRADE SOLAR ENERGY STORAGE POND

by

Brian James Holmes

(ABSTRACT)

Several techniques have been proposed for storing

collected solar energy. A study was undertaken to

investigate energy losses to the soil surrounding a below

grade solar energy storage pond. A three dimensional finite

element model was developed to approximate the solution of

the differential equation of heat transfer. The Crank—

Nicholson central difference scheme was used to solve for

the time derivative. °

Four small ponds were constrncted at the VPI 8 SU Swine

Center, Blacksburg, Virginia, to study the effect of

insulation on heat losses from a warmed water pond. The

water in each pond was warmed with an electric resistance

immersion heater. The power consumed by each heater was

metered. The uninsulated (control) pond was more thoroughly



instrumented with thermocouples than were the other three

ponds. These thermocouples provided data that were used as

input to the computer model as well as data to verify the

model. _

Based on the conditions under which the model was

tested, energy losses to the soil from an uninsulated pond

were on the order of 26.H-31-7 MJ/day (25-30 k BTU/day). By

providing insulation to the ground surface and to a depth of

0.66 m (2 ft) at a distance of 0.33 m (1 ft) from the pond

edge, energy loss to the soil was reduced to about 33

percent of the uninsulated case. Insulation of the pond

sides and bottom resulted in energy losses that were about

16 percent of those for the uninsulated pond.




