CHAPTER I | \

INTRODUCTION

1¢1 General

The everall solar system consists of the solar cellector,
sterage units, leads, auxiliary energy supplies, and the control
system. The selar cellecter is the essential item of equipment which
transforms selar radiant emergy to some other useful ferm, The ener-
&Y sterage 1s added to store the excess of available energy over the
lead and return it when the available energy is less. The auxiliary
energy source 1s intreduced when the selar energy cannot meet all of
the load requirements., Centrols are designed to make decisions on
energy flows based om preprogrammed criteria. Contrel system alse
calls upon the auxiliary energy source when selar capacity 1s below
the demand level., The characteristics and performance of each of
these elements is related to that of the others. The cellecter alone
cannot be used directly te calculate energy delivery, since cellecter
delivery depends on its cperating temperature, which in turn, is de-
termined by the temperature of thermal storage. Storage temperature
is, in turn, determined by the energy withdrawn te supply demand and
energy inputs from the cellecter. This integrated system is shewn
in Fig. 1.

Large ameunt of research efforts have been concentrated on
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Figure 1 The overall solar-thermal system. Solid lines represent energy flows;

the dash lines information flows



3

various parts ef the system, especially for the collecter characteris-
tics and perfermance, This research project cencentrates on snergy

storage with particular emphasis on stratified sensible heat storage.

1.2 Energy Sterage in Selar Precess Systems

Selar energy system requires a sterage device because of the
intermittent nature of solar radiatien., Energy sterage invelves the
cellectien and retention of readily available energy for later use,
The cencept of energy storage is important in the utilizatien of power,
Energy can be stored in the ferm of thermal energy sterage, mechanical
energy storage, and electrical energy sterage., Thermal energy storage
can be accemplished through sensible heat, latent, or a reversible
chemical reactien. Mechanical energy can be converted to petential
energy by pumping water inte an elevated reserveir during peried when
selar radiation is available, and the energy recovered by running the
water threugh a turbine when energy is needed. A battery is an energy
storage device that contains chemical energy which can be converted
inte electricity, simply cemnecting the lcad te it. Water can possi=
bly be electrolized with selar generated electrical energy, and stored
oxygen and hydrogen can be recembined in a fuel cell to regain electri-
cal energy.

The majer characteristics that may influence the design of a
thermal energy sterage are l

1. Storage materials. The best sensible heat storage mate—
rials should have high specific heat and density. They should not be

expensive, toxic, flammable, and chemical active., All sterage materials
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must be resistant tio chemical er physical change resulting frem ther-
mal cycling,

2. The temperature range ever which it operates, that is,
the temperature at which heat is added te and removed from the system,

3¢ Temperature stratification in the storage unit. Thermal
stratificatien may have a desirable effect en the perfermance of the
system, and is impertant te the overall system design,

4. The pewer requirements for addition er removal of heat,

5« Sterage material centainers, Sterage tanks fer liquid
can be fabricated frem steel, fiber glass, aluminum, er cencrete.

They must be leakpreof, cerresion resistant , and withstanding long
exposure te temperature cycles.

6« Thermal losses frem the sterage units. Heat will be trans-
fered outward threugh the sterage walls at a rate depemding en the
temperature difference between the sterage media and the surroundings,
Por long perieds, thermal lesses may beceme impertant.

T. Cost of the sterage unit. These include the centainer
cests which depends enm the shape, material ef cemstructien, and size,
The cest of storage medium, the space im which it is located, and the
cest of eperatiem,

As previeusly mentiened, thermal energy can be stored in
the form of sensgible heat, latent heat, and chemical reaction, each
ef these three basic medes is Dbriefly discussed fer its properties

and characteristics below:



1.2.1 Thermal Energy Sterage by Semsible Heat

Heat 1s simply stered by increasing the temperature of a

selid or liquide If the specific heat of the material is constaat,
the amount of energy stered in the system is directly prepertional te
the temperature rise of the substance, The sensible heat sterage

devices in cemmen use are: Water sterage and particle bed storage.

12611 Water Sterage

Water is suitable for stering sensible heat fer use with
lew-medium temperature selar system., It dees net require any heat
exchanger between transpert medium and sterage medium. Water is nen-
toxic, has a very high specific heat, is inexpensive and its vaper-
liquid phase equilibrium is suitable fer the temperature range required

4 liters raised

for space and water heating, Velume of water 2.66 x 10
38 °C in temperature will stere the smergy equivalent te 1 barrel ef
petreleum, Water has & number eof particularly desirable properties
as shewn in Table 1,

Useful energy can be stered below the beiling peint of
water witheut pressurizatien, The sterage of water at temperature
above its beiling point requires expensive pressure vessels,

Water sterage unit and cellecters may be eoperated by

natural cenvectien in demestic selar-water heater applications, eor

by ferced circulatien,



Table 1

Advantages and Disadvantages of Water as

Thermal Storage Medium

Advantages Disadvantages
Abundant High vapor pressure
Low cost Difficult to stratify
Non toxic Low surface tension

Excellent transport properties
High Specific heat

Good combined storage medium and
working fluid

Well-known corrosion control

methodology

Corrosive medium
Freezing and consequent-
destructive expansion

Non-isothermal energy delivery




12.1.2 Particle Bed Storage

Sensible heat storage in solilds is advantageous for some
applications, TFor example, thermal energy from an air cellecter can
be stored in a bed of solid material for later heating of a buklding,
Storage beds can act as beth a storage medium and heat exchanger,
thereby saving the cest of a separate heat exchanger., A packed bed
storage unit censists of a container, a porous structure to suppert
the bed, a packed solid typically rocks, & few centimeters in diame=-
ter, and air distributer te minimize air channeling (the flow is fas-
ter in one area of the bed than the other). Air is circulated through
the bed in one direction during addition of heat, and in the opposite
direction during removal of heat. Hence the heat cannet be added to
this storage unit and removed from it at the same time, This is in
contrast to water storage systems where the heat can be added to and
remove from the storage simultanesusly. Insulation requirement at
the outer surface of the packed bed is small due te a low thermal
conductivity of the bed in the radial direction. Solid-phase storage
has an advantage over liquld storage in the size of the maximum allow=-
able storage temperature, Since most solid storage media do not melt
readily, they are suited for use with high temperature, concentrating
collectors. Care must be taken to avoid thermal fracturing. The
density and specific heat values for solid-phase, thermal storage

materials are shown in App. III.



1.2.2 Thermal Energy Storsge by Latent Heat

Thermal energy sterage by latent heat occurs in an isether=-
mal preocess, The material undergoes a phase change such as a phase
change from selid to selid, selid to liquid (heat of fusion) er from
liquid te gas (heat of vaporization). The most suitable phase change
is the selid-liquid transition; vaporization is impractical due to the
large volume change and solid-selid transitions do not usually involve
sufficient quantities of heat. ILatent heat sterage has the advantage
of compactness, because the heat of fusion of most materials is very
much larger than their specific heat., For example, for water the
ratio of latent heat to specific heat equals 80/ °c. This means, it
takes eighty times as much energy to melt ocne pound of ice as to raise
the temperature of one pound of water by one degree celcius. On the
other hand, latent heat storage requires an additional heat exchanger,
and most latent heat thermal energy storage materials are more expen-
sive than the cheapest sensible heat thermal energy storage material
which is water, In the two phase latent heat system, additional
considerations must be given te the problems of melting, expansien,
solidificatien, thermal stabilities, and the choice of material of the

storage media.

10203 Thermal Energy Storage by Chemical Reaction

In this system thermal energy is converted into Chemical
energy in a reversible endothermic reaction that takes place at
constant temperature. To reverse the process, the equilibrium constant

is changed by changing the cencentration, the pressure, and/or the



temperature of the reactants. The system of the reversible precess
act like a sensible heat system with & high specific heat, Chemical
energy storage is a very complex system, In order to reverse the
maximum rate ef energy addition or removal, the operating temperature,
cerresion and material of constructien, the environmental effect, and
the system economics must be censidered.

Since this project is related directly to stratified sensible
heat. The characteristics and perfermance of stratified tank storage

are discussed in further details below:

13 Stratified Sensible Eeat Storage

1431 General Charscteristics

In solar heating systems, there are two basic types of
sensible thermal energy storage: Stratified storage and well-mixed
sterage. Currently well-mixed sterage is most common in space~heating
systems, while stratified storage is more often used for domestic hot
water system. Stratified storage is advantageous when quality of hemt
storage (high temperature) is ef primary concerned, moreover in a ther-
mal syphon system it influences the overall performance of the system
significantly.

The storage is said to be stratified if the incoming water
seeks 1ts own density level. Water storage may operate with signifi=-
cant degrees of stratificatien, that is, with water not at uniform
temperature over the vertical dimension of the tank., With perfectly
stratified water sterage, heated water frem the collector is returned

to the top of the tank and will remain there because it is less dense
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than the water below, When there is hotter water already at the top,
the returned water will descend until it reaches a level in the tank
having the same temperature. Imperfection in water storage occurs
because the descending water tends to carry over seme of the hotter
water as it moves down, and result in mixing of the hot and cold water.
Water tanks will stratify automatically if they are constructed like
ordinary hot water tanks with a height greater than the tank diameter.
Flow should enter the tank in such & way that the velocity of the en-
tering water does not tend to mix the tank, As water storage tanks
get large enough for space heating a vertical configuration becomes
less practical and horizontal tanks are most often installed.

In the design of stratified tank storage, one of the problems
ariges from the effectiveness of extracting energy out for use in
another system due to the problem ef mixing between the stored hot
water and the incoming cold water. If the stored hot water is mixed
with celd inlet water, the extraction temperature is lowered and the
usefulness of the collected energy is degraded. This adverse effect
of mixing should be minimized if stable thermal stratification can be
attained., Heat conductien through the storage medium and through the
containing materials may be of importance to the stability of thermal
stratification. It is the purpese of this research project to inves-
tigate various parameters affecting the stability of thermal stratifi-

cation,.
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1¢3.2 Previeus Werk en Stratified Het Water Storage

Seme analytical studies of the effect of thermal stratifi-

cation in sterage systems were carried out by a number of investiga=
tors. Earlier simulations by Gutierrez, Hincapie, Duffie and Beckman
(4) and Sheridan, Bullock, and Duffie (10) were carried eut ea analeg
and hybrid cemputers using series of well stirred tanks to simulate

& stratificated hot water storage tank. Clese (1) studied the effect
of stratification on the performance of the overall system., These
studies have shown that stratification improves the performance of
solar systems. Hawlader (5) has carried out an analytical and experi-
mental study of a storage system which include direct solar energy
input and fluid circulation frem collectors. This work has direct
application toward swimming pool heating, Laven and Thompson (6) have
reported some experimental study of thermally stratified hot water
storage system. Tanthapanichkoen and Laohakul (11) have carried out

& theoretical investigation inte the dynamic responses of the strati-
fled sensible heat storage tank, They have concluded that conduction
through wall in most application can be neglected, Nevertheless,
reliable predictions without the aid of sephisticated computer program
are not presently available and systematic studies of the parameters

affecting the system are far from complete.,

1.4 Purpose of Research

The objective of this study is te experimentally determine a
methed of removing hot water from the storage tank and adding celd

water to it while maintaining a stable thermal stratification. Results
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of theoretical analysis will be compared with experimental results

in order to gain confidence of the proposed model., Various important

parameters affecting the extraction efficlency of the storage tank

will be investigated, including

1.
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effect of length te diameter ratio.

effect of tank diameter to inle. diameter.
erfect of inlet Re,

effect of inlet-exit temperature difference.
effect of cold 'nfor inlet location.

offect of heat cenduction through the tank wall,
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