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DESIGN AND INSTALLATION MANUAL
FOR THERMAL ENERGY STORAGE

ABSTRACT

The purpose for this manual is to provide information on the
design and installation of thermal energy storage in solar
heating systems. It is intended for contractors, installers,
solar system designers, engineers, architects, and manufac-
turers who intend to enter the solar energy business. The
reader should have general knowledge of how solar heating
systems operate and knowledge of construction methods and
building codes. Knowledge of solar analysis methods such

as f-chart, SOLCOST, DOE-1, or TRNSYS would be helpful.

The information contained in the manual includes sizing
storage, choosing a location for the storage device, and
insulation requirements. Both air-based and liquid-based
systems are covered with topics on designing rock beds,
tank types, pump and fan selection, installation, costs,
and operation and maintenance. Topics relevant to heat-
ing domestic water include safety, single- and dual-tank
systems, domestic water heating with air- and liquid-
based space heating systems, and stand-alone domestic hot
water systems. Several appendices present common problems
with storage systems and their solutions, heat transfer
fluid properties, heat exchanger sizing, and sample
specifications for heat exchangers, wooden rock bins,
steel tanks, concrete tanks, and fiberglass-reinforced
plastic tanks.

ix



INTRODUCTION

PURPOSE
The purpose of this manual is to provide the practical
-information you will need to select the type of thermal
energy storage system that best fits your needs and to
design and install the systen. We hope this manual will
help you ensure that your thermal emergy storage systen
operates as intended throughout its lifetime and will emable
you to avoid the pitfalls that have plagued some earlier
systems, : g

Although do-it-yourselfers will find this manual useful, it
is written primarily for professional design and installa-

tion personnel in the solar energy industry. These include
contractors, installers, solar system designers, engineers,
architects, and manufacturers.

We have assumed that the reader has a general knowledge of
how solar systems work, as well as knowledge of construction
techniques and local building codes. If you lack this back-
ground, the books about solar systems 1listed in the biblio-
graphy near the end of this manual should be helpful to you.

The installation methods and sample specifications presented
here will be especially useful to contractors and installers
of solar systems. Designers, engineers, and architects are
expected to have more detailed knowledge of solar systen
design methods such as f-Chart, SOLCOST, DOE-1, and TRNSYS. .
Some of the appendices require a relatively high level of
technical expertise and are aimed primarily at these read-
ers. The appendices on heat transfer fluids (B) and heat
exchangers (D and E) fall into this category. If you need
the information in these appendices, but cannot understand
it, consult an engineer or an architect.

SCOPE AND ORGANIZATION

In this manual we have ¢tried to provide a comprehensive
treatment of the types of thermal energy storage systems in
common use today, namely systems built around rock beds or
tanks of water. The main text contains general information
about storage systems, while the appendices contain details
on specific subjects. A glossary and a bibliography are
included.

Chapter 1 discusses general characteristics of thermal

energy storage systems, including characteristics of storage
media; size, location, and insulation of storage devices;

-1~



THERMAL ENERGY STORAGE

and heat exchangers. Read Chapter 1 thoroughly before con-

tinuing, because the information it contains provides a
background for the rest of the manual.

Rock beds for thermal energy storage are discussed in Chap-
ter 2. Special characteristics of rock beds and rock bed
performance and construction are a few of the topics cov-
ered, along with a design example. Chapter 3 discusses
liquid-based storage systenms. Some topics covered in this
chapter are tank types and costs, pumps and other systen
components, and tank installation. Domestic hot water ther-
mal energy storage systems, either stand-alone or as part of
space heating systems, are discussed in Chapter 4, along
with methods of safeguarding the drinkable water in the sys-
tens.

Although modern engineering practice specifies the use of
the metric (S5I) systcms, the construction industry has not
yet adopted these units. Therefore, to enhance the usetil-
ness of the manual we have used English engineering units
throughout. :

UTURE EDITIONS

Beginning in 1979 new model building codes and product stan-
dards for solar systems and components will become avail-
able. They are being prepared by several organizations,
including the American Suvciety of Mechanical Engineers, the
American Soclety for Testing and Materials, ¢thc Amcrican
Society of Heating, Refrigerating and Air-Conditioning Engi-
neers, the American National Standards Institute, and oth-
ers, with the help of numerous government, industry, and
consumer organizations, The codes and standards will cover
safety, performance, durability, and reliability of solar
systems and components., Codes relating to storage systems
will be covered in a future edition of this manual.

Later editions will also include the following, if and when
they become commercially available:

Phase change materials

Annual or seasonal storage

Ice storage

New systems for basement retrofit
Low-cost storage

Inproved liners for tanks

Direct contact heat exchangers.

One of the functions of solar energy research is to simplify
design methods and procedures. If significant improvements
in design methodology become available, they will also be
included.



INTRODUCTION

We would like to draw upon your experiences in order to make
future editions more useful to you. At the end of this
manual you will find a page that contains space for your
comments, criticisms, and experiences. The back of the page
is preaddressed so that you can tear it out and mail it to
us. We welcome your replies.

You can find sources of additional information about many
aspects of solar energy systems in the bibliography. Spe-
cific questions about almost any topic relating to solar
energy may be addressed to the National Solar Heating and
Cooling Irformation Center, P.0O. Box 1607, Rockville, Mary-
land 20850. You can <call them by dialing toll-free
800-523-2929 or, if you are in Pennsylvania, 8Q00-462-4983,
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CHAPTER 1. :
GENERAL INFORMATION ABOUT THERMAL ENERGY STORAGE SYSTEMS

Solar heating systems must be able to provide heat even when
the sun is not shining. Fortunately, on good days solar

systems can collect more energy than is needed to meet the
daytime heating load. This excess energy can be stored for
later use, This manual will describe how the energy can be
stored in two common types of sensible heat storage systems.

Sensible heat, as it flows into the storage system, raises
the temperature of the storage material. When space heating

is needed, heat is removed from storage and the temperature
of the storage material drops. The most common sensible
heat storage systems are built around rock beds or water
tanks, and these are the types of storage systems we will
consider in detail.

Figure 1-1 represents a typical air-based system, which uses
a rock bed for storage; Figure 1-2 represents a typical

liquid-based system, wkich uses water for storage. Many
variations of these space heating systems are possible, but
the storage systems will always need (1) a heat storage

material, (2) a well-insulated container, and (3) provisions
for efficiently adding and removing heat.

We will begin by discussing some characteristics of storage
materials--heat capacity and daily operating range, which
affect the sizing of the storage device, and temperature
stratification, which affects its performance. We will then
discuss finding a location for and insulating the storage
contaiper and moving heat into and out of storage. -

HEAT CAPACITY
Heat, or thermal, capacity is a material's ability to store
sensible heat. In the English system of units it is mea-
sured in terms of the number of British thermal units (Bta)
required to raise the temperature of one pound of the mate-
rial by 1 degree Fahrenheit. Water has a heat capacity of 1
Btu per pound per degree FPahrenheit (Btu/lb/°F). Most other
materials have a lower heat capacity than water; rock, for
example, has a heat capacity of 0.21 Btu/lb/OF.

The total amount of heat materials can store is not the only
basis by which storage materials' thermal capacities are

compared. Engineers frequently work with a derived quantity
known as the volumetric heat capacity, which is found by
multiplying the material's heat capacity by its density.
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THERMAL ENERGY STOKAGE

The volumetric heat capacity describes the quantity of heat
the material can store per cubic foot for every degree of
temperature change,

Table 1-1 gives the heat capacities and volumetric heat
capacities of some some common storage materials. The voiils
referred to in the table are the spaces that exist between
individual pieces of piled up rock or other loose material.
The proportion of these spaces to the total volume of the
rock bed is called the void fraction. Numerous experiments
have shown that loose materials pack with a void fraction of
from 20 to 30 percent. These loose materials behave as if
their thermal capacity were reduced by this same percentaga.

As you can see in Table 1-1, 1 cibic foot of water can store
62.4 Btu for every degree of temperature rise. A cubic foot
of rock packed to a 30-percent void fraction can store only
24.3 Btu per degree of temperature rise. Therefore, to
store the same gquantity of heat over the same temperature

range the rock bed's volume would have to be 2.6 times
greater than that of the water tank. oo

Table 1-1. Sensible Heat Storage Materials

Volumetric
Heat Capacity,
. , Btu/ft3. °F
_ Density, Heat Capacity,

Material - 1bs/ft3 _ Btu/1lb- °F . No Voids 30% Voids
Water 62.4 1.00 . 62.4 -
Scrap Iron 489 0.11 53.8 37.7
Scrap Aluminum 168 0.22 36.96 25.9
Scrap Concrete 140 0.27 i 27.8 26.5
Rock 167 0.21 3.7 24.3
Brick 140 0.21 29.4 20.6




GENERAL INFORMATION

AILY TEMPERATURE RANGE

The storage system's daily temperature range is also closely
related to the size of the storage device. Both air- and
liquid-based systems typically operate over a daily tempera-
ture range of under 60°F on a sunny winter day. The exact
range is highly variable from system to system, season to
season, and day to day. Factors that influence the daily
temperature range include the amount of sunshine available,
the size of the storage device, the heat capacity of the
storage material, the demand for heat, the type of systenm,
the way the system is connected to the load, and the temper-
ature limitations of materials in the systen.

The daily temperature range (T - T ) |is related to the
amount of usable heat (Q, measured in Btu) stored in the
device by the following equation.

Q=mC (T, -T. ) a-n

Here m is the mass of the storage material in pounds and C

is the heat capacity in Btu per pound per degree Fahrenheit
of the storage medium.

Example: Suppose you must store 400,000 Btu from the solar
collectors on a sunny vwinter day, aad you want to limit
the daily temperature range on that day to 40°F. How

much water is required for storage?

Solving Equation 1-1 for m after substituting in the
values for stored heat, daily temperature range, and
heat capacity yields the required mass of water.

- Q : (1-2)
m =
Cp(Tmax - Tmin)
_ 400,000 Btu
Btu o
1 16.°F ¥ 40°F

]

10,000 1b. of water

Since one gallon of water weighs 8.34 pounds, " this
amount of water is equal to 1200 gallons,



THERMAL ENERGY STORAGE

SIZING
For residential space heating or domestic hot water heating
systems, storage capacity should be about 10 to 15 Btu per
degree Fahrenheit per square foot of <collector (Btu/°F-sg
ft). Dividing this amount by the heat capacity from Table
1-1 yields the mass of storage material required. For rock
-the required mass is about 50 to 75 pounds per square foot
of collector; for water the required mass is 10 to 15 pounds
per square foot of collector. Alternatively, dividing the
10 to 15 Btu/9F-sq ft by the volumetric heat capacity yields
the required volume of storage material. Since a rock bed
usually has a void fraction of about 30 percent, the
required storage volume is about 0.41 to 0.62 -cubic feet of
rock per square foot of collector. For convenience, these
numbers are nsunally —rounded upward to 0.50 to 0.75 cubic
feet of rock per square foot of collector. About 0.16 to
0.24 cubic feet of water per square foot of collector is
required. If these numbers are converted to gallons and
rounded upward the result is 1.25 to 2.0 galloms of water
per square foot of collector.

This rule of thumb is compatible with the £f-Chart and
Pacific Regional Handbook methods for determining the col-
lector size, since both methods assume the approximate stor-
age capacity specified by the rule of thumb. With a daily
temperature range of 40°F for a larger storage unit or 609°F
for a smaller storage uhit, the unit can store about 15 x 40
= 600 Btu per square foot of collector. This is very
roughly comparable to the amount of heat a solar collector
can provide for space heating or domestic hot water on a
sunny winter day.

TRNSYS and DOE-1, the computer wmethods for analyzing the
system, will provide more accurate sizing, and you should
use one of them if you have access to a computer. The conm-
puter methods should also be used for solar-assisted heat
pumrp and industrial systenms. The rule of thuwmb does not
apply to these types of systems, where the hour-by-hour
heating demands differ greatly from residential heating
demands, but it provides a good first guess that should then
be refined by computer analysis.

It may not always be possible to install the optimum-sized
storage device because of limitations of space or, in
liquid-based systems, tank availability. Figure 1-3 shows

what happens when storage capacity is varied. (Ve assume
here that other factors, such as heating load and collector
area, remain the same.) As you can see, if the storage

capacity is less than about 10 Btu/9F-sq ft, the fractiom of
the heating locad supplied by solar energy is 1less than it
should be--that is, some of the heat collected is wasted.

-10-
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THERMAL ENERGY STORAGE

If the storage capacity is greater than about 15 Btu/9F-sgq
ft, the greater storage capacity will not significantly
increase the percentage of the heating load supplied by
solar energy. If the storage unit is grossly oversized,
heat losses will be excessive, However, a slightly over-
sized storage unit will have only slightly higher heat
losses than a properly sized one and will cost only slightly
more., These penalties are minor compared with the penalty
for making the storage unit too small. Therefore, if a
standard-sized storage unit does not fall within the rule of
thumb for your system, choose the next larger rather than
the next smaller size.

When heat is delivered to storage, temperature stratifica-
tion can occur. That 1is, suwe parto of the starage paterial
can become hotter than other parts. In theory, a perfectly
stratified system can perform 5 to 10 percent more effi-
ciently than a thermally mixed system if the systenm is
designed to take advantage of stratification. Whether tem-
perature stratification can be maintained in practice
depends on the type of system used.

Stratification is relatively easy to achieve in rock beds.
The solar-heated air enters at the top of the rock bed and
flows downward through many labyrinthine paths, 1losing most
of its heat by the time it leaves the bottom of the rock
hed. Thus, the rock bed is hot at the top but relatively
conl at the bottom. Sinc¢e rocks can't move around, this
tepmperature differential is easily maintained, and the col-
lector operates at a lower average temperature than it would
if there were no stratification. Temperature stratification
from top to bottom of a rock bed compensates for the lower
efficiency of air-type collectors compared with liquid-type
collectors.

Temperature stratification can also occur in water tanks,
but pumping the water to the collector or the heat exchanger
tends to cause the hotter and cooler wvater to mix, destroy-
ing stratification. Even natural convection from a
coil-in-tank heat exchanger can upset the stratification
process. Thus, if you plan to use a water tank for thermal
energy storage you should not count on gaining the small
performance advantage stratification offers.,

_12..
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LOCATION

In principle, for collector-to-storage losses to be mini-
rized the storage device should be as close as possible to
the solar collectors. Since solar collectors are usually
mounted on the roof, the attic might seem a logical site for
the storage container. However, an attic would require

extensive structural modifications to support the storage
container's weight. In practice, storage containers are

usually located in basements, crawl spaces, garages, or out-
doors, and the following sections describe the advantages
and disadvantages of these various locatioas. Tables 1-2

and 1-3 summarize this information.

Basenment

Basements or other heated indoor areas are good locations
for therral storage devices. Tanks or rock beds in heated
areas generally require less insulation than in outdoor in-
stallations, and the building protects the storage device
from weathering. Any heat lost from storage escapes into
heated areas, so during the heating season these losses are
not considered losses to the solar systen.

The main disadvantage of indoor storage devices is that they
take up valuable space. In addition, heat lost from storage
into the living area is uncontrollable. In summer, the
losses from a hot storage device can increase the air condi-
tioning load unless the storage area is well ventilated or
the system is shut down for the sunmeer.

Although a basement will generally provide enough room for a
water tank to be installed, getting a large tank into the
building is a major problem. Cast-in-place concrete tanks
and plastic-lined wooden tanks can be assembled inside
existing buildings. Although steel and fiberglass tanks can
be installed in basements of new construction, repair or
replacement of these tanks would be expensive. For this
reason, we do not recommend installing a large one-piece
tank in a lasement,

If you plan to install a rock bed in a basement, you must

consider the floor-to-ceiling space available. Most base-

ments have seven feet of clearance between the floor and the
ceiling. By careful design, you can keep a rock bed within
this size 1limit; but in some cases you will have to remove

part of the basement floor slab to gain more clearance.

Appropriate foundations must be developed for all storage
devices, since they are extremely heavy. A structural engi-

neer should determine whether the floor slab needs rein-
forcement to support the storage unit's weight.

-13-



THERMAL ENERGY STORAGE

Table 1-2. Advantages and Disadvantages of Storage Locations
Advantages
Utility Room Unheated Crawl
or Basement Garage Space

Insulation
requirement is
minimal.
Insulation is, -

protected from
weather.

Thermal losscce
contribute to
building heat in
winter.

Leaks are easily
detected.

. Insulation is
protected from
weather.

. Leaks are easily
detected.

. Access for repairs
is easy.

Steel or FRP tanks
can be installed
in an existing

Insulation is
protected from
weather.

Thermal losses
may contribute
to building

heat in winter.

garage.
Access for repairs
is relatively easy.
Disadvantages
Utility Room Unheated Crawl
or Baseiment Garage Space

Living space is
reduced.

Thermal losses add
to air conditioning
load in summer.

Leaks may damage
building interior.

Steel or FRP tanks
are difficult to
inetall in an
existing building.

Garage space is
reduced.

. Extra lusulation
is required.

Freeze protection
is required in
most of the U.S.

Leaks may damage
the garage.

Thermal losses can-
not be recovered.

Thermal losses
may add to air
conditioning

load in summer.

Access is
difficult for
retrofit or
repairs.

The shape of the
tank may require
extra insulation.
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Table 1-2. (Continued)

Advantages
Outdoors, Qutdoors,
"Above Grade Below Grade
Access 1s easy. . Thermal losses do not add
" to air conditioning load.
Thermal losses do not add . Storage unit does. not reduce
to air conditioning load. living space.
Storage unit does not
reduce living space.
Disadvantages
Qutdoors, Outdoors,
Above Grade : - Below Grade
Extra insulation is required. . Access for repairs is dif-
ficult.
Weather protection is . Groundwater may cause several
required. types of problems.
Thermal losses cannot be . Thermal losses cannot be
recovered. recovered.
Freeze protection is . Vermin may burrow into the
required in most of the U.S. insulation. '
Vermin may burrow into the . Careful ‘design is required to
insulation. ensure sufficient net positive

suction head for the pump.
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Table

1-3. Storage Location, Applicability, and Special Requirements

Applicability

Special Requirements

Weather- A Protection Long-
New proof Extra Freeze from Lifetime
Storage Location = Building Retrofit - Insulation Insulation Protection Groundwater Components
Utility Room
a

or Basement yes X no no no no yes
Unheated Garage yes yes no yes yes . no no
Crawl Space yes X no yes no no yes
Outdoors—-

Above Grade yes yes yes yes yes no no
" Qutdoors—-- . '

Below Grade yes yes ‘yes . yes X yes yes

Items marked "X"

'must be datermined by the individual situation.
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Heat losses from storage devices in unheated locations such
as the crawl space are irrecoverable. This is a disadvan-
tage during the heating season, but a potential advantage
during the air conditioning season. If the crawl space 1s
well ventilated and insulated from the air conditioned
rooms, heat escaping from the storage device will not add to
the air conditioning 1load.

Most cravwl spaces do not have enough vertical clearance for
a rock bed with vertical air flow to be installed. Although
rock beds with horizontal air flow have been built, main-

taining uniform air flow and thermal stratification in thenm
is more difficult than in rock beds with vertical air flow.
Therefore, we do not recommend installing a rock bed in a

crawl space that does not have an unusually large amount of
vertical clearance.

To install a storage device in a crawl space, follow the
reconmendations for below grade imstallatioms. Considering
the difficulties of installing a storage device in an exist-
ing crawl space, this location should be considered primar-
ily for new construction, Even in this case, the cramped
working quarters could make repair costly.

Garage

The garage is an excellent 1location for steel or fiberglass
water tanks, since they can be easily removed and replaced
through the large door. Other types of water tanks, as well
as rock beds, can also be used here, The garage protects
the storage device from the weather.

Tanks in unheated garages must be protected from freezing.
Heat losses from storage devices in this location are irre-

coverable, and the storage device reduces the space avail-
able for cars.

outdoors

The storage device can be located outside the building
either above or below grade. In either case, the storage

containrer must be well insulated and built on a good founda-
tion. The ducts or pipes to and from the storage unit must
be insulated, weatherproofed, and possibly waterproofed.
Vermin are occasionally a problem in outdoor tanks. Use
verein-proof insulation or surround the insulation with
half-inch mesh wire cloth. Heat losses from outdoor storage

devices are irrecoverable.
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Above Grade: In an aboveground installation, the storage.
device should be placed inside a shelter or covered with
roofing and siding. This protection must be designed in
compliance with local codes for wind resistance and for
snow loads. .

Water tanks in unheated shelters must be protected from
freezing. In moderate climates, amn electric immersion
heater will do this satisfactorily.

Grade: The main problem with buried storage devices
s that groundwater can soak the insulation (even if it
is closed-cell foam). In several instances, the result-
ing high losses have forced owners to abandon under-
grouud storage devices. ‘ :

¥
i

The following guidelines should be followed if you
choose to install the storage device underground.

e If possible," avoid burying the storage device so
deep that the highest level of groundwater (usually
in Spring) rises above the bottom of the insula-
tion.

e Use pea gravel beneath the foundation to allow
wvater to drain.

e Use waterproof insulation, such as closed-cell
foam, even in dry areas. We recommend that for an
underground storage device you use twice the insu-
lation thicknces specified in the following sec-
tion, because groundwater can degrade the perfor-
mance of even a closed-cell foan.

e Dc not rely upon dry earth for insulation.

o If possible, direct rainvater away from the storage
unit. Avoid situations where undisturbed soil
(especially clay) surrounding the hole where the
storage unit is installed forms a catch-basin for
raipnwater. '

e Position the tank veuls so that neither rainwvater
nor groundwater can enter the tank. If the 1lid is
separate from the body of the storage device, the
joint must be above the highest groundwater or
floodwater level. A waterproof barrier must be
installed to direct rainwater away from the joint.

If a substantial portion of the tank is buried below the
freeze line, no freeze protection will be regquired.

-18-
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The storage device must be well insulated so that heat losé
will be minimized. The HUD Intermediate Mipimum Property

lated so that losses during a 24-hour period do not exceed

10 percent of the storage capacity. However, minimum stan-
dards do not necessarily produce the most cost-effective
system. Because the energy-saving benefits of insulation

are so great, we recommend that storage devices be insulated
to comply with the SMACNA (Sheet Metal and Air Conditioning
Contractors'! Natiomal Association) standard of 'a 2-percent
loss in 12 hours and that the HUD standard be used only if

all the following conditions are met,

e All the heat that escapes from storage heats the build-
ing.

e The solar system is shut down in the summer or the area
around the storage device can be ventilated so that
heat losses do not add to the air conditioning load.

e The storage device is used only to supply space heat-
ing- ’ ’

e You can tolerate uncontrolled bheat losses from storaje
overheating the building occasionally.

A simple calculation can be used to determine how much insu-
lation will limit a storage device's heat loss to 2 perceat
in 12 hours. First find the entry in Tables 1-4 through 1-7
that corresponds most closely to the shape and size of your
storage device, The number you find is a multiplier that
can be used in the following equation.

R-value = table value x (storage temperature - ambient temperature) (1-3)

For "storage temperature,"™ use the average maximum tempera-
ture, in deqgrees Fahrenheit, that you expect the storage

device to reach on an average January day.
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For "ambient temperature,"™ use the average temperature, in
degrees Fahrenheit, of the storage device's surroundings on
an average January day.! The R-value obtained will have the
units of 9P-sq ft-hr/Btu commonly used by insulation manu-
facturers in the United States.

Exanmple: Suppose you want to calculate the amount of insu-
lation needed on a 1500-gallon water tank that will be
installed in a basement. The tank is horizontal and
cylindrical, is 10 feet long, and has a diameter of 5
feet. Table 1-5 contains the multipliers for horizon-
tal, cylindrical water tanks; the appropriate multiplier
for a water tank of this size and shape is 0.16. If the
maximum temperature of the tank on an avefrage January
day will be 160°F, and if the ambient temperature in the
basement in January will be 65YP, the ipsulation R-value
that will 1limit the tank's losses to 2 pércent ium 12
hours will bae:

R-value = 0.16 x (160-65)

0.16 x 95

= 15

The total insulation around the tank should have an
R-value of 15 9P-sq ft-hr/Btu.

1Assume an ambient temperature of about 65°F for storage
devices in heated areas. For unheated locatiomns, find ouat

the average January outdoor temperature from the nearest
weather bureau office. For underground ambient tempera-
ture, assume that the ground temperature rises linearly
from the average January outdoor temperature at the surface
to the average annual outdoor temperature at a point 20
feet underground. This is a rough approximation to the
ground temperature, but it is sufficiently accurate for our
purposes here.
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To calculate a heat loss rate different from 2 percent in 12
hours, multiply the table value by 2 and then divide the
result by the percent loss that you want. If, in the
preceding example, you had wanted to allow a S-percent loss
in 12 hours, you would have calculated the multiplier to use
as follows:

-2 x50.l6 = 0.064 | )

and the R-value would have been:

R-value = 0.064 x 95 = 6 °F.ft2. hr/Btu.

Table 1-8 gives R-values per inch of thickness of typical
insulators. Most storage units have several insulation lay-
ers, including the walls. The R-value of multilayered insu-
lation is the sum of R-values for each layer, as shown in
Figure 1-4,

3/8"
SYPSUM FIBEF?'GLASS CONC:?ETE
BOARD 2 — 4

R-VALUE
PER INCH 0.87
THICKNESS x3/8" of. 12
0.33 + 7.70 + 0.8 : 8.83'——BT-[=R-VALUE

Figure 1-4, R-value of Multilayered Insulation
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" Table 1-4. 1Insulation Multipliers for Rectangular Water.Tanksa‘

Shape
ziiions I— =l I 2{/7* T 2 4L(;r
e s e = g

250 ©0.35 © 0.38 0.42 0.40
500 d.zs | 0.30 0.33 0.32
750 0.24 - 0.26 | o9 0.28
1000 0.22 0.24 - 0.27 0.25
1500 0.19 . 0.21 0.23 0.22
2000 0.17 0.19 0.21 0.20
3000 0.15 0.16 0.18 0.17
4000 0.14 0.15 0.17 0.16
5000 0.13 0.14 0.16 0.15

Table values are for a 27 loss in 12 hours with an assumed daily temper-
ature range of 60°F. Table units are ft2-hr/Btu. To obtain the
required R-value for the side and top insulation, multiply the table
value by the difference (°F) between the storage temperature and the
ambient temperature. The R-value for the bottom insulation is assumed
to be half that on the top and sides.
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Table 1-5. Insulation Multiplier for Horizontal Cylindrical Water Tanks®

Shape

Size' . E@ I(D i(r J dé—,:Q ' )
Gallons Fo— t—2 — e e ——

250 0.28 | 0.29 10.33 0.36

500 022 0.23 . 0.26 0.29

750 0.19 0.20 0.23 0.25
1000 0.17 0.18 0.21 0.23
1500 0.15 0.16 0.18 ©0.20
2000 0.14 0.14 0.16 0.18
3000 0.12 0.13 0.14 : 0.16
4000 0.11 0.11 0.13 0.14
5000 0.10 0.11 0.12 0.13

8 Table values are for a 2% loss in 12 hours with an assumed daily
temperature range of 60°F, Table units are ft2+hr/Btu. To obtain
the correct R-value for the insulation, multiply the table value by
the difference (°F) between the storage temperature and the ambient
temperature.
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Table 1-6. Insulation Multipliers for Vertical Cylind}ichl Water Tanks®

'Shape
B TS N = R
Size : = o = =
Gallons ‘ v ' '
80 0.47% © 0.53P 0.47 0.51
120 0.41 - 0.47 - . 0.4 0.44
250 0.32 0:3 0.3 0.35
500 0.26 - 0.29 -~ 0.25 0.28
750 0.22 0.35 0.22 0.24
1000 0.20 0.23 ‘ 0.20 0.22
1500 ' 0.18 0:20 ~0.18 10.19
2000 - 0.16 . 0.18 0.16 0.17
3000 “ 0.14 0.16 0.14 . 0.15
4000 0.13 0.14 0.13 0.14
5000 0.12 0.13 0.12 0.13
2 Table values are for a 2% loss in 12 hours with an assumed daily
temperature range of 60°F. Table units are ft2-hr/Btu. To obtain
the rcquired R-value of insulation, multiply Lhe table valuc by the
difference (°F) between the storage temperature and the ambient
temperature ’
b

The R-value of the bottom insulation is assumed to be half that on the
top and sides for tanks specified by the first two columns.

¢ The first column is applicable to all taﬁks with height of 1 to 6 times
the diameter. Insulation multipliers for most domestic hot water tanks
can be found in the first column. :
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Table 1-7. Insulation Multipliers for Rock Beds?

Shape of Rock Bedb

A.{

T ‘ 4
Volume of 2

2L L
oo v el
Rock, P 4 ZL -J— T s T

(cubic ft.). A L — 'TE{ —~ L
R I ‘ _

100 0.82 0.83 0.80 0.97
150 0.72 0.72 0.70 0.85
200 0.65 0.66 0.64 0.76
300 0.57 0.57 0.56 0.67
400 0.52 0.52 0.51 0.61
500 0.48 0.48 0.47 0.56
600 0.45 0.46 0.44 0.53
800 0.41 0.41 0.40 0.48

1000 0.38 0.38 0.37 0.45

Table values are for a 2% loss in 12 hours with an assumed daily
temperature range of 60°F. Table units are in ftz-hr/Btu.

obtain the required R-value for the side and top insulation, multiply
the table value by the diffcrence (°T) between the storage temperature
and the ambient temperature. The R-value for the bottom insulation is
assumed to be half that on the top and sides.

The insulation is assumed to cover both plena, but the volume and shapes
given are for the rocks only.
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‘Table 1-8. R-values and Densities of Common Building and

Insulating Materials@

R-value,
Density, °F-ft?~hr/Btu :
Material 1b/ft3 per inch thickness
Acoustic Tile 18.0 2.53
Asbestos—-Cement Board 120.0 0.22
‘Brick: Common - 120.0 0.20
Face 130.0 0.11
"Cellulose Fill - 3.70
Cement (Mortar or Plaster. with Sand) 116.0 . 0.20
Concrete, Heavy Weight 140.0
Dried Aggregate 0.11
Undrled Aggrcgate 0.08
Concrete, Heavy Weight 80.0 0.40
Concrete, Light Weight 30.0 1.11
Concrete Block-Heavy Weight .
4-inch: 101.0 0.18
6-inch 85.0 0.15
8-inch 69.0 0.13
12-1inch 76.0 0.11
Concrete Block-Medium Weight
4-inch ‘ 76.0 0.28
h—inch 65.0 0.23
. 8~inch 53.0 0.18
12-inch 58.0 0.18
., Concrete Block-Light Weight
4-inch 65.0 0.33
6-inch - 55.0 U.30
"8-inch 45.0 0.25
12-inch . 49.0 0.19
Fiberglass A 3.85

Source: R.M. Graven and P.R. Hifsch.

Argonne National Laboratory
November 1977.
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Table 1-8. (Continued)

R-value,
Density, °F.ft2-hr/Btu
Material 1b/ft3 per inch thickness

Gypsum or Plaster Board 50.0 0.90
Gypsum Plaster

Light Weight Aggregate 45.0 0.63

Sand Aggregate 105.0 0.18
Hard Board

Medium Density Siding 40.0 1.53

Medium Density Other 50.0 1.37

High Density Standard Tempered 55.0 1.22

High Density Service Tempered 63.0 1.00
Insulation Board .

Sheathing : 18.0 2.63

Shingle Backer 18.0 2.52

Nail Base Sheathing 25.0 2.28
Mineral Board, Preformed - 3.47
Mineral Wool/Fiber

Batt - 3.33

Fill , - 3.09
Particle Board

Low Density - 1.85

Medium Density 0.11

High Density 0.08

Underlayment 0.46
Polystyrene, Expanded 4,17
Polyurethane, Expanded .0 6.26
Urea Formaldehyde 0.7 4.17
Roof Insulation, Preformed 16.0 2.78
Wood, Soft (Fir, Pine, etc.) 32.0 1.25

0 0.91

Wood, Hard (Maple, Oak, etc.) 45,
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Insulation also 1limits the exposed surface temperature to
prevent burns. The R-values given by Tables 1-4 through 1-7
will limit the temperature on the outer surface of the insu-
lation to 140°F or less. '

Heat can be lost, not only from the storage device, but also
as it is moved into and out of storage. These losses

include: :

e Losses betvween the collector and the storage unit
(charqging losses) .

e Losses between the storage unit and the heating load
(discharge losses).

To minimize these losses, (1) the piping system from collec-
tor to storage must be well insulated and have weather pro-
tection, and (2) the piping or ductwork from storage to load
must be kept as short as possible and be well insulated.

The Polytechnic Institute of New York recommends using R-4
insulation for pipes 1less than 1 inch in diameter and R-6
insulation for pipes 1 to 4 inches in diameter. A method of
calculating the most economical insulation thickness for

ter 17, "Thermal Insaulation and Water Vapor Barriers."

HEAT EXCHANGERS

Heat exchangers are devices that transfer heat from one
fluid to another while preventing mixing of the two fluids.
Hot fluid flows on one side of a metal barrier and heats a
‘cold fluid flowing on the other side. In order for heat to
be transferred the hot fluid must be hotter than the cold
fluid directly acronss the barrier. This necescary tempera-
ture difference leads to a loss of overall system efficiency
each time a heat exchanger is used. Heat exchangers typi-
cally used in solar energy systems are shown in Figures 1-5
through 1-11.

Heat Exchapgers in Liguid-based Systems

The collectors must be protected agaimnst freezeup in the
winter. If antifreeze is used for protection, a liquid-to-
liquid heat exchanger must be installed as shown in Figure
1-2 to separate the heat transfer fluid from the water in
storage, since antifreeze is too expensive to use as a sto-
rage medium. Because there must be a temperature difference
from the collector side to the storage side of the heat
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INSULATED HOT WATER
STORAGE TANK

COIL-IN-TANK
|~ HEAT EXCHANGER

Figure 1-5. Typical Coil-in-Tank Heat Exchanger

HOT WATER

HEAT TRANSFER ~——OUTER SHELL

Schematic Drawing of Wraparound (Traced Tank)

Figure 1-6.
Heat Exchanger
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S
)
®
n#“ﬂWH I8 o
\:* { ‘):'1
\ X .
' - Insulation
\ KT
4
Wraparound
1 Shell Heat
b Fxchanger
Heat % ::
)
Exchanger - i
Drain —
Tan!( \\ :@ /'
Drain ~—__

Figure 1-7. Wraparound Heat Exchanger

A pressure-bonded metal plate with integral fluid passage-
ways is clamped around the outside of the storage tank.
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SOLAR
COLLECTOR

| (———————= DOMESTIC

———— «— HOT WATER

=

I — — 1
I L .F-_'1 S | s &1
10 S A
bmd 0
HE | [ i !
"oy 1 | | ,:
1 | | | T
"_‘ I | 1
33 ! : l:..-:y
/  CO— L
= \‘

DOMESTIC HOT WATER

COLLECTOR LOOP
HEAT EXCHANGER HEAT EXCHANGER

Figure 1-8. Two Tank-in-Tank Heat Exchangers

OUTER SHELL

=] HOT WATER

HEAT TRANSFER
MEDIUM

Figqure 1-9. Shell-and-Tube Heat Exchanger
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OUTER SHELL
i TOXIC HEAT

INDICATOR
TRANSFER
g ¥ t //,MEMUM

EXPANSION CHAMBER \INNERMOST POTABLE

CONTAINING INTERMEDIATE WATER TUBE
TRANSFER FLUID

Figure 1-10. Shell-and-Double-Tube Heat Exchanger
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Typical Liquid-to-alr oL Air-to-Liquid Heat

Figure 1-11.
J Exchanger

i ivisi Gulf-West-
prawing courtesy of Bohn Heat Transfer Division,
ern nagufacturing Company, Danville, Illinois.
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exchanger, the collector must operate at a higher, 1less
efficient temperature than in a system without a heat
exchanger between collector and storage. Thus, the heat
exchanger imposes a performance penalty on the system.?2

The collector-to-storage heat exchanger cam be as simple as
a coiled tube immersed in the storage tank (Figure 1-5) or
wrapped around the outside of the tank (Figure 1-6). Figure
1-7 shows a wraparound shell heat exchanger. Figure 1-8
shows two tank-in-tank heat exchangers.

The types of heat exchangers represented in Figures 1-5
through 1-8 rely on natural convection to move the water
inside the tank past the heat exchange surface.  If the tank
is large, say several hundred gallons, natural convection is
an inefficient means of transferring heat. Shell-and=-tube
heat exchangers (Figures 1-9 and 1-10) are often used in
this case, and a pump circulates the water between the tank
and the heat exchanger.

In the simple heating system shown in Figure 1-2, one heat
exchanger (liquid-to-air) is needed to traansfer heat to the
building. This heat exchanger is often a finned-tube unit
(Figure 1-11) inserted in an air duct. Less frequently used
alternatives are baseboard convectors, radiant heating
coils, and individual fancoil units.

Solar-heated domestic hot water requires a heat exchanger to
separate the potable, or drinkable, bhot water from either

the nonpotable storage fluid or the collector fluid. Heat

exchangers fcr use with potable water are subject to special
safety requirements discussed in Chapter 4.

2hnother method of protecting the collectors is to drain
them whenever there is danger of freezing weather. This
method, known as the draindown system, is one of the most
efficient solar collection systems available. Details of
the draindown system and its many variations are available
in systems design manuals such as ITT's Solar Systenms

A draindown system must be totally foolproof. Pipes must
be carefully pitched and collectors carefully selected to
ensure that all of the water will drain when it should. A
single failure can ruin the collectors. Many designers
prefer to use antifreeze in the collectors rather than risk
this loss. The designer must decide whether to pay the
penalties of lower performance and higher first cost for an
antifreeze system in return for 1less risk of an expensive
failure.
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Heat Exchamgers in Air

In contrast with the liquid-based system, the air-based sys-
tem (Figure 1-1) does not need separate heat exchangers

between the collectors and the heating 1load. The rock bed
is both the storage device and the collector-to-load heat

exchanger,

Air-based collector systems used to heat domestic hot water
must use an air-to-liquid heat exchanger. Such a heat
exchanger usually consists of finned water tubing in the
air-handling duct (Figure 1-11) similar to the finned tube
heat exchanger used in air ducts of liquid-based systeams.

Heat Exchanger Effectiveness

As we said earlier, using heat exchangers imposes a penalty
on the solar space heating systenm. A collector-to-storage
heat exchanger forces the collector to operate at a higher
temperature than in a system without the heat exchanger.
Similarly, the storage-to-load heat exchanger forces the
storage system to operate at a higher temperature than would
be required if that heat exchanger could be eliminated.

In order to calculate how efficiently a system with heat

exchangers will perform, you must be able to determine the

penalty imposed on the system by the heat exchangers. This
penalty, called heat exchanger effectiveness, is defined as
the actual rate of heat exchange divided by the rate of heat
exchange of a perfect, infinitely large heat exchaager.

Since there is no Eetfect, infinitely large heat exchanger,
the designer's task is to choose the size of heat exchanger
that will minimize the overall cost of the systen. This
relatively complex task is described in Appendix D. Alter-
natively, mwost heat exchanger manufacturers can select the
properly sized heat exchanger given the following informa-
tion about the system:

e The physical characteristics of the ¢two fluids in the
heat exchanger (See Appendix B.) _

¢« The amount of heat to bhe transferred (Btu per hour)

e The flow rates (gallons per minute) on both sidcee of
the heat exchanger

e The approach tenmnperature difference (degrees Fahren-
heit), defined as the difference between the tempera-
tures of the hot fluid entering the heat exchanger and
the heated fluid leaving the heat exchauger,

Appendix E gives sample specifications for heat exchangers
that are not integral parts of a storage tank. Appendix G,

Part 2, gives sample specifications for domestic hot water
tanks with integral heat exchangers.
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CHAPTER 2. THERMAL ENERGY STORAGE IN AIR-BASED SYSTEMS

GENERAL CHARACTERISTICS OF ROCK BEDS
When rocks are used as the heat storage medium in a solarc

space heating system, a container mnust be built for then,

The container can be wood or concrete and is usually rec-

tangular. In addition to providing enough room to contain

the loose rock, it must have air spaces at the top and bot-
tonm.

When solar-heated air is forced into the top ‘of the con-
tainer, the air space (or plenum) allows the air to spread
out and pass evenly down through the rock bed, Leating the
rocks. Cool air is drawn off the bottom and returned to the
collectors. When space heating is required, the air flow is
reversed, and warm air is delivered from the top of the rock
bed into the building. Thus, the rock bed functions as both
storage medium and heat exchanger between the solar collec-

tors and the heating load.

t

T gy anmme

Uniform distribution of air in the rock bed is important,
for nonuniform distribution allows air to bypass part of the
rocks. The designer can allow for uniform air distribution
in three ways.

e By designing the rock bed for a vertical air flow

through the rocks . . .
e By designing sufficiently large plenum chambers -
e By designing the rock bed so that it has a pressure

drop of at least 0.15 inches of water.

The rock bed should be designed for a vertical air flow
because the rocks tend to settle. If the flow were horizon-

tal, air would tend to flow through the gap between the top
of the rocks and the top of the bin instead of through the
rocks. In addition, vertical air flow takes advantage of
air's natural tendency to stratify.

The function of the plena is to distribute the air uniformly
over the top and bottom of the rocks. To do this the resis-
tance to air flow through the plena must be much less than

the resistance to air flow through the rocks. We recommend
that the cross-sectional area of each plenum be at least 10
percent of the cross-sectional area of the rock bin. That

is, the plenum height times the plenum width should be at

least 10 percent of the rock bin's width times its length.

Designing the rock bed so that it has a pressure drop of at
least 0.15 inches of water will ensure that the air-flow
resistance of a properly designed plenum is much less than
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the air-flow resistance of the rocks. A method of designing
the rock bed for the desired pressure drop is explained
later in this chapter.

The ideal rocks to use in a rock bed are the rounded ones
typically found in river beds. The rocks should be screened
to assure uniform size. Angular rocks and rocks of varying
size pack tighter in the bin than uniformly sized rounded
rocks and cause higher pressure drops than allowed for.
Before filling the bin, carefully wash and dry the rocks to
remove any dust or dirt that could cause trouble after
startup. Rocks conforming to ASTM C 33, "“Standard Specifi-
cations for Concrete Aggregates," have been washed and gen-
erally are satisfactory for use in rock beds. -

Rocks that react with components of the air or rocks that
crumble are not suitable for use in thermal energy storage
systenms. Limestone, dolomite, and marble react with water
and carbon dioxide; as they react they may settle and

increase the pressure drop in the rock bed. (This problen
is most severe if the rock bed is used for nighttime cooling
in the summer.) Sandstone tends to crumble and make dust.

The rock bin itself must be strong enough to withstand the
outward pressure of the rocks. The pressure, already great
when the bin is first filled, increases as the rocks expani,
contract, and settle with the heating and cooling of the.
bin. A flimey box can split at the seanms. Construction
details for a wooden bin are shown in Appendix F. Construc-
tion of a poured-concrete bin is similar to that of the
cast-in-place water tank described in Appendix H, except
that no lipning is needed.

Leaks frequently present a problem in air-based systenms.
Although leaks in air-based systems are not as serious as
leaks in liquid-based systems, they can degrade performance
to the point where the system becomes uneconomical to oper-
ate. Moreover, leaks in air-based systems are more diffi-
cult to detect than leaks in liquid-based systems. Places
to look for leaks include seams in the corners of the rock
bin, Joints between ductwork and the rock bimn or other
equipment, and dampers that do not seal properly.

BERFORMANCE CHARACTERISTICS OF ROCK BEDS

The performance of the rock bed depends on several inter-re-
lated characteristics: the rock bed face velocity, the size
of the rocks, the heat-transfer relaxation length, and the
pressure drop across the rock bed.
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The face velocity describes the gquantity of air moving
through the rock bed. To compute it divide the total air
flow rate by the rock bed's cross-sectional area (length x
width). Rock bed storage systems are usually designed so
that face velocities range from 10 to 60 feet per minute.
Increasing the face velocity increases the pressure drop
across the rxock bed.

Rock Size

Rocks are usually sorted into specific sizes by being passed
through a screen mesh. So long as the rocks are clean,
approximately round, and of uniform size they can be speci-
fied by their average diameters. If the rocks are angular
or of mixed sizes, use the diameter of the smallest rocks to

calculate the pressure drop. The rock size affects primar-
ily the relationship between the heat-transfer relaxation
length and the pressure drop. For a given face velocity

smaller rocks give shorter heat-transfer relaxation lengths
but larger pressure drops. For larger rocks the reverse is-
true.

The heat-transfer relaxation length is the ratio of the
input heat to the heat that can be absorbed per foot of
depth of the rock bed. For design purposes, the heat-trans--
fer relaxation length specifies the minimum rock bed depth
needed for effective temperature stratification.

Rock bed depths can varg from installation to installation,
depending on the available space. The effect of the rock
bed's depth on the system's performance is illustrated in
Figure 2-1. In this fiqure, the horizontal axis represents
the rock bed depth expressed as a multiple of the heat-
transfer relaxation length. The vertical axis represents
the percentage of the heating load supplied by solar energy.
In Figure 2-1 the volume of rock and the size of the solar
collector were held constant. Study of a large number of
cases yielded results typified by Figure 2-1 and led to the
conclusion that temperature stratification and adeguate heat
transfer will occur as long as the rock bed depth is greater
than five times the heat-transfer relaxation length.  Most
rock bed designs easily exceed this depth, but it is neces-
sary to check every design for this requirement to ensure
stratification and adequate heat transfer.
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Figure 2-1. Effect of Rock Bed Depth on Systenm Performance
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Since the rock- bed is porous and heat must be tramnsferred
from the air to the rocks, the rock bed flow path should be
long. But, as the flow path increases, the resistance to
the flow also increases. As ve stated earlier, a pressure
drop of at least 0.15 inches of water is necessary to ensure
uniform air flow in the rock bed. However, because the
electric power required to pump the air increases as the
pressure drop increases, the pressure drop should be less
than 0,30 inches of water. The pressure gradient, which we
will use in later calculations, is the pressure drop divided
by the rock bed depth.

Performance Map3

The relationship among the face velocity, the rock size, the
relaxation length, and the pressure gradlent is shown in the
rock bed performance map in Figure 2-2.

The vertical axis in Figure 2-2 represents the pressure gra-
dient across the rock bed expressed in inches of wvater
column per foot of bed ‘depth. The horizontal axis repre-~
sents the heat-transfer relaxation length correspondlng to a
given rock diameter and face velocxty.

The designer's task is to design an adequate rock bed sub-
ject to the constraints of the systen. Typical constraints
include: .

e Rock volume of 0.50 to 0.75 cubic feet per square foot
of collector

o Air flow of 1 to 2 cubic feet per minute per square

© foot of collector

e Rock bed pressure drop of more than 0.15 but less than
0.30 inches of water

e Rock bed depth restriction (for example, the ceiling
height in a basement)

e Availability of rocks limited to certain sizes.

You can use the rock bed performance map to adjust either
the face veloc1ty or the rock diameter to achieve a suitable

pressure drop in the space available for the storage unit.

- o Y AP n . e e . -

3The information used to make this performance map was de-
rived from R. V. Dunkle and W. M. Ellul, "Randomly-Packed
Particulate Bed Regenerators and Evaporative Cooling,"
Hechanlcg; and Chemical Engineering Transactions of the

Institution of Eng_neers, Australia, HCB(Z) 117-121, 1972.
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A sample problem illustrating the use of the performance map
ip designing a rock bed follows.

Design Example

In this example ve will assume that the designer, using
f-Chart, SOLCOST, or some other method, has determined that
he should install 500 square feet of collector on a resi-

dence. The design will be subject to several constraints,

e The collector manufacturer specifies an air flow rate .
of 2 cubic feet per minute per square foot of collec-
tor, or 1000 cubic feet per minute, for this example.

e The rule of thumb for sizing storage given in Chapter 1
specifies 0.50 to 0.75 cubic feet of rock per square
foot of collector, or 250 to 375 cubic feet of rock,
for this example.

e The pressure drop across the rock bed should be 0.15 to
0.30 inches of water, as specified earlier in this
chapter. .

e The rock bed depth should be at least five times the
heat-transfer relaxation length +to ensure stratifica-
tion and adequate heat transfer.

e The designer plans to build the rock bed in a basement
that has a 7-foot floor-to-ceiling height, so the rock
bed's depth will be limited. Allowing 8 inches for.
insulation and 6 inches for each plenum leaves 5 feet 4§
inches for the rocks.

Using these constraints we can calculate maximum and minimum
values for the rock bed's cross-sectional area, face veloc-
ity, and pressure gradient, and the maximum value of the
heat-transfer relaxation length. These maximum and minimnum
values, when plotted on the rock bed performance map, help
the designer configure the systenm.

The rock bed's cross-sectional area is its volume divided by
its depth.

. . _250 cu. ft.
e minimum cross-sectional area =—¢ g —— = 46.9 sq. ft.
. _ , 375 cu., fr. _ | ]
¢ maximum cross-sectional area ~5.33 fr.  ° 70.3 sq. ft.
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The face velocity is the air flow rate divided by the rock
bed's cross-sectional area. :

1000 cu. ft./min.

e minimum face velocity 14.2 ft./min.

70.3 sq. ft.
o maximum face velocity 12209‘“:('1 f‘;;/mn' = 21.3 ft./min.

The pressure gradient is calculated as follows:

. s s 0.15 in. of water
o minimum pressure gradient =33 ft

0.028 in. of water/ft.

: . 0.30 in. of water
e maximum pressure gradient = S33 Fe

0.056 in of water/ft.

Finally, the maximum heat-transfer relaxation length is the
rock bed's depth divided by 5.

64 in.
5

= 12.8 in.

Figure 2-3 shows the maximum and minimum face velocities and
pressure gradients and the maximum heat-transfer relaxation
length plotted on the rock bed performance map. The lines
dravn on the performance map define the acceptable design
region for this example, The designer is free to base his
design on any point within the acceptable design region.

Either 1/2-inch or 3/4-inch rock can be used in the final
design. For the final design in this example we will arbi-
trarily choose 3/4-inch rock and a 20-feet-per-minute face
velocity. This choice will give a pressure drop equal to
the minimum, which requires the minimum amount of electric-
ity to pump the air. If the rocks settle, 'the increased
pressure drop will not have a serious effect on the rock
bed's perforrance. Since the heat-transfer relaxation
length for this design is 1.25 inches, the rock bed depth of
64 inches will assure good stratification and adequate heat
transfer. '
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The 20-feet-per-minute face velocity divided into the air
flow rate determines the cross-sectional area of the rock
bed. )

1000 cu. ft./min.
20 ft./min. = ‘50 sq. ft.

Fifty square feet of cross-sectional area can be easily
obtained by making the hox 8 feet long by 6 feet 3 inches
wide on the inside. :

The volume of rock will be 8 feet x 6 feet 3 inches x 5 feet
4 inches = 267 cubic feet. This amounts to 0.53 cubic feet
of rock per square fout of collcotor. Rertialling that the
density of rock 1is about 167 pounds per «cubic foot, and

allowing for a 30-percent void fractiom, we determine that
the weight of the rock is i

o
267 cu ft. x 167 1b./cu. ft. x 0.70 = 31,212 1b. = 15.6 tons

Re can also look at the weight of the rock bed in terms of
its floor 1loading.

31,212 1b.

50 sq. ft. 624 1b./sq. ft.

Since most basement floors cam support only 150 to 400
pounds per square foot, we must ask a structural engineer to
determine the load capacity of.the floor and to design rein-
forcemnents if necessary. Otherwise the structure of the
house could be damaged.

The last item to check is the cross-sectional area of the
plena. If we make each plenum 8 feet wide by 6 inches high,
its cross-sectional area will be 4 square feet, or 8 percent
of the rock bed's cross-sectional area. Since this is less
than the 10 percent suggestéd minimum, we muot choose among
several alternative methods of dealing with the problem.

e We can keep the design as it is and accept the possi-
bility that the undersized plena will degrade the per-

- formance of the rock bed. This alternative will be
unattractive to the designer who must guarantee the
system's performance to a buyer.

e We can rodify the floor above the rock bed so that the
rock bed can be made 4 or more inches taller. If the
rock bed can be located under a closet, this is a rea-
sonable alternative, '
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e If the structural engineer recommends reinforcing the
basement floor, we can make the top of the reinforced
floor 4 inches deeper than the original floor. 1In this
case we must provide some means of draining water from
the rock bed so mildew and molds cannot grow inside.
The drain must flow by gravity to another drain con-
nected to the sewer and located outside the rock bed.
If the drain inside the rock bed were connected
directly to the sewer, the water trap would eventually
dry out and admit sewer gas directly into the ventila-
tion systen.

e We can redesign the rock bed for a shallower rock
depth. If we do this, the acceptable design region
becomes much smaller or disappears entirely.

In this design example, we used a rock bed depth near the

ninimum practical depth to illustrate several of the trade-
offs that you may have to make when designing a rock bed.

If you are designing a rock bed to fit in a basement, the

most severe constraint is likely to be the depth. In loca-
tions where the rock bed can be deeper, you will have more

freedom of design, but the floor loading will be higher.

FAN SELECTION

When you select a fan for the system your main concern will
be matching the fan's pumping characteristics to the sys-

tem's pressure drop characteristics. The fan's diameter,

type (axial flow or centrifugal), blade angles, and operat-
ing speed (RPM) all affect its pumping characteristics. Fan
ranufacturers publish data giving flow rate versus static

pressure for their products. If the fan can operate at more
than one speed, data for several speeds will be published.

Typical carves for three different fan speeds are shown in

Figure 2-4. 4

The designer must calculate the system's pressure drop at
the operating flow rate and select a fan and operating speed

that will give a static pressure equal to the system's pres-
sure drop at the operating flow rate. Figure 2-4 shows the
operating flow rate. For the fan data shown in the figure,
the far should operate at 1100 RPM to provide the operating
flow rate required by the systen,

To illustrate what will happen if the designer makes the
wrong choice of fan or fan speed, a curve labelled "systen
pressure drop" has been drawn on Figure 2-4. If the fan is
too large or the fan speed too fast, the system will operate
at Point A. - Both the air flow rate and the system pressure
drop will be greater than planned for, and the fan will con-
sume more electric power than a properly sized fan.
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If the fan is too small or the fan speed too slow, the
system will operate at Point B. The system pressure drop
will be lower than it should be for normal operation; but,
more importantly, the air flow rate will be lower than it
should be. The low air flow rate will degrade the system's
performance.

System Pressure DLops

The system pressure drop is the sum of several component
pressure drops: :

Rock bed pressure drop

Collector pressure drop

Filter and damper pressure drops

Duct losses, including allowance for bends, branch
ducts, and expansions or contractioams.

We have already discussed rock bed gressure drop. Informa-
tion about collector, filter, and damper pressure drops
should be obtained from the various manufacturers. Detailed
procedures for calculating duct losses can be found in the
ASHRAE Handbcok of Fundamentals, Chapter 25, "Air Duct
Design Methods". The pressure drops caused by expansion
from the air duct into the plenum of the rock bed and the
corresponding contraction at the opposite end of the rock
bed should not be overlooked. The method for calculating
these pressure drops is also given in the ASHRAE Handbook of

Fundamentals.

Having selected the fan, the designer must choose a motor to
power it. If the motor is too small, the fan will not be

able to pump the necessary amount of air, and frequent motor
burnouts will be likely. An oversized motor will draw only
slightly more power than a motor .of exactly the proper size
(unless the motor is grossly oversized). Thus, it is better
to select a slightly oversized motor than an undersized one.
Belt drives must be rated for one and a half times the motor
power and should include an adjustable sheave on the motor.

Many fan manufacturers publish the motor requirem@ents with
the fan performance curves, as shown in Figure 2-5a. If the

manufacturer's data is presented in this way, select the
larger of the twc motors indicated by the dashed lines on

either side of the operating point. For example, in Figure

"2-5a dashed lines corresponding to 3/4 and 1 horsepover lie
on either side of the operating point (Point 0). Choose the

1 horsepower motor.
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Sometimes the manufacturer presents fan efficiency, as shown
in Figure 2-5b, instead of motor horsepower. A short calcu-
lation is required to determine the minimum motor power.

Minimum motor power (H.P.) =

air flow rate (cu.ft./min.) x system pressure drop (in. of water) x 1.25
fan efficiency (percent) x 63.46

The constant 63.46 converts the units of cubic feet per
minute, inches of water, and percent into horsepower. The

constant 1.2f gives a safety factor to ensure that the motor
will not be undersized.

The temperature of the air a fan must handle in a solar sys-
tem can sometimes present a problem that is not often
encountered in conventional heating systenms. Study your
system carefully and determine the maximum air temperature
the fan will encounter. If that temperature exceeds 100°F7,
the far must meet the following specifications.

e The fan bearings must be able to operate continuously
at the maximum air temperature. Special bearings may
be required. Alternatively, the bearings can be
located outside the stream of hot air and shaft seals
specified to minimize leakage.

e The motor and drive belts must be outside the stream of
heated air. .

e The fan should be selected on the basis of a modified
operating point (Point M in Figure 2-6) instead of the
previously defined operating point (Point 0). To find
the modified operating point multiply both the air flow
rate and the fan static pressure at the operating point
by the factor

~air temperature (°F) + 460
530

The modified ogerating point applies onl{-to fan selec-
tion and should not be used for other calculations.
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Since the major operating expense of an air-based systenm is
the cost of electricity, it is important to install the fan
so that it will operate at its highest efficiency. We
reconmend connecting the inlet of the fam to the ductwork
with a straight section of duct at least five duct diameters
long. The duct should match the diameter of the fan inlet
so that there will not be a sudden contraction or expamnsion
as the air enters the fan. If a transition from a rectangu-
lar duct tc a round fan inlet must be made, the transition
slope should not exceed 4 in 12 inches (159). It is espe-
cially important to avoid using bends or elbows near the fan
inlet. ©Use similar care in designing the outlet ductwork.

OTHER COMPONENTS

Filters
Filters for the air-based solar system should be located:

e In the space-conditioning return air system, - as
required in nomsolar systems

e At the rock bin inlet

e At the rock bin outlet

e In the collector supply systen.

The filters must be easily accessible for service or
replacement. Filter mounts must minimize the amount of
leakage bypassing the filter and leakage escaping the duct.

The face velocity of the filter (air flow rate divided by
filter area) should not exceed 300 feet per minute. If the
filter is larger than the cross-section of the duct, a tran-
sition to the full filter size, with a slope not exceeding 4
in 12 inches (15°9), must be made.

"Install a filter replacement indicating gauge at each fil-

ter. The gauge can be self-indicating or remote-indicating,
but in either case the indicating part of the gauge must be
located where it will be easy to see.

Automatically controlled dampers are essential in the air-
based solar system to control the direction of air flow
through the rock bed and to control the collector and space
heating loops. Dampers should be installed in the ducts
between the collectors and the rock bed to prevent thermosy-
phoning at night. Thermosyphoning is a frequent cause of
excessive heat loss from storage. Since the most serious

L]
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problem with dampers im solar systems is excessive leakage,
you should choose dampers with a leakage rate not exceeding
1/2 percent. Resilient damper seals are helpful here.

Air Handlers

Air handlers, including a fan and as many as four motorized
dampers in one package, are available.. The main advantages

of an air handling unit are:

e Air handlers require less installation labor than sepa-
rate components. :

e Air handlers specifically designed for solar applica-
tions can be purchased.

We recommend choosing an air handler in preference to indi-
vidual components if an air handler that meets your system's
flow rate and control requirements is available.

Two temperature sensors should be located in the rock bed,
one 6 inches below the top of the rocks and the other 6
inches above the bottom of the rocks. Low temperature read-
ings by both sensors indicate that little heat remains in
the rock bed, and the auxiliary heater mnust supply space
heat. High temperature readings by both sensors indicate
that the rock bed is fully charged. A high temperature
reading at the top and a low temperature reading at the bot-
tom indicate that the roc¢k bed is partially charged.

Be extremely careful to avoid damaging the temperature sen-
sors while you are filling the rock bin. It is a good idea
to install a spare temperature sensor, especially at the
bottom of the rock bed where the temperature semsor would bhe
difficult to replace.

Air-to-Water Heat Exchanger

If the solar system is to provide domestic hot water, an
air-to-wvater heat exchanger is usually installed in the col-
lector return duct. Although it is possible to bury a water
tank in the rock bed, using an air-to-water heat exchanger
in the duct offers the advantages of (1) good heat transfer
characteristics, and (2) the ability Lo bypass the rock bed
during the summer while providing solar-heated water.
(Bypassing the rock bed in summer will reduce the air condi-
tioning load if the rock bim is located in am air condi-
tioned part of the building.)
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Install a 1low-leakage automatic damper between the heat
exchanger and the collector to protect the heat exchanger
from freezing. The damper should close automatically when
the collector is not collecting. In several instances heat
exchangers have frozen when cold air from the collector set-
tled around the heat exchanger where there was no damper to
separate them, or where the damper leaked. The preferrei
type of actuator uses a 24-volt motor to open the damper and
a spring to close it, so that the heat exchanger will be
protected even during a power failure.

Every solar-teated building must have an auxiliary heating
unit to furnish heat when the sun is not shining or the
thermal storage device is depleted. The auxiliary heater
nust be able to supply 100 percent of the heating load with-
out any assistance from the solar systen. Such a unit
should be located as close as possible to the storage device
to minimize the 1length and cost of the connecting ducts.
Almost all air-based solar systems use forced-air auxiliary
heaters, which can be placed in the duct following the rock
bed, as shown in Figure 2-7a, or in parallel with the rock
bed, as shown in Figure 2-7b.

The configuration shown in Figure 2-7a has a minimum rock
bed operating temperature of about 65 to 70°F. Studies have
shown that people find circulating air at 70°F chilling. To
ensure that the air will circulate at a comfortable tempera-
ture, the auxiliary heater is turned on whenever solar
energy is umnable to maintain a duct temperature of about
959F or more. While the auxiliary heater is operating,
solar energy preheats the air entering the auxiliary heater.
This system is usually used with an electric heater.
Because the solar-heated air must pass through the auxiliary
furnace's heat exchanger, some solar heat may be lost up the
flue of a gas or oil furnace. If the auxiliary furnace has
an automatic flue damper to revent this loss, the solar
preheat arrangement is feasibge with a gas or oil furmnace.

The configuration shown in Figure 2-7b is usually used with
gas or oil auxiliary heaters without flue dampers or for

situations where there is not room to install the rock bed
between the blower and the auxiliary heater. The auxiliary

heater is turned on whenever solar energy cannot maintain a
duct temperature of about 95°F or more. If the rock bed

- cannot maintain a 95°F outlet temperature, a motorized dam-
per switches the air flow to the auxiliary heater, and the
auxiliary heater is turned on. Thus, if the rock bed and
auxiliary heater are installed in parallel, the wminimum us-
able rock bed temperature is 95°F.
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Figure 2-7a. Rock Bed in Series with Auxiliary Heater
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Figure 2-7b. Rock Bed in Parallel with Auxiliary Heater
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In some solar heating installations the desigmn air flow rate
through the collectors does not match the residential space
air flov requirements. For example, if the building is to
be cooled as well as heated, the air flow requirements will
normally be based on the cooling load and will be higher
than the air flow required for heating. In areas where the
design temperatures and the amount of available sunshine are
low, it is possible that the solar collector's flow rate
requirements will exceed the conventional heating system's
flow specifications.

In those systems - where the collector and the conventional
heating system air flows are essentially balanced, the solar
system blower can provide the total air movement. A second
blower is necessary when an air imbalance exists or when
constant air circulation through the building is required
for ventilation or filtration., This second blower may be a
component of a standard furnace, a roof-top unit, or an air
handlirg system. W®hen air movement requirements of the con-
ventional system exceed those of the solar system, a duct
must be installed to bypass the rock bed, and air balance
betvween the two systems must be adjusted with a damper.

ROCK BED COSTS

The costs of rock beds will vary widely from region to
region. The cost of rocks at the quarry typically range
from three to ten dollars per ton, although "ornamental

rock" may cost as much as sixty dollars per ton. You will
need to carefully specify the type of rocks you want, and
you may want to inspect them before they are delivered. In

locations distant from suitable quarries delivery is a major
expense.

The cost of the rock container will, of course, depend upon
the type of container that you build. Wooden containers are
the least expensive, followed by cinder block and concrete.
Figure 2-8 shows the relative cost per cubic foot of these
three types of containers. The cost per cubic foot for lar-
ger containers is less than for smaller omnes, because the
volume goes up faster than the surface area, and it is the
surface area that determines the amount of material and
labor involved in comstructing the container.
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RELATIVE COST OF ROCK VBED CONTAINERS
EXCLUDING INSULATION

CONCRETE

CINDER BLOCK

| | ] | 1
1000 2000 3000 4000 5000
‘ VOLUME (cubic feet)

Figure 2-8. Relative Cost of Rock Bed Containers
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Technology Corporation Iechnology Summary, Seolar
Heating and Cooling. ERDA Report no.

C00/2688-76-10, 1976.
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Design for Maintaipability

Maintenance must be considered as the system is being
designed. Many solar systems fail or perform poorly because
they cannot ke properly maintained. For example, a compo-
nent that cannot be easily replaced should last the lifetinme
of the system. Even better, the system should be redesigned
so that the component can be repaired or replaced. Before
installing any components the designer should consider how
each component will be repaired or replaced and provide for
working rocm around the components.

Simple systems are usually easier to maintain than compli-
cated systens. The relative advantages of simple systems

are:

e Initial cost is lower.

e Installation errors are less likely.

e There are fewer components to fail.

e Controls and operation are easier to understand.

e Defective components can be wmore easily found and
replaced. .

Answering three questions will help you decide whether the
system is too complicated or too simple.

e If a feature were deleted from the system, how nuch
energy collection would be lost? .

o If a feature were deleted from the system, would a moie
of failure be introduced?

e If a feature were deleted from the system, would human

- safety be degraded?

A system analysis method (such as f-Chart, SOLCOST, DOE-1,
or TRNSY¥YS) is required to estimate the extra amount of
energy collection attributable to a particular feature. If
the value of the extra energy collected over the life of the
system is less than the cost of the feature, the feature
cannot be justified economically. If, 4in addition, tbhe
‘answers to the second and third questions are "no," the fea-

ture should be deleted from the systen.

Before applying insulation to the ducts and the rock bin,
carefully inspect and test the systen. Begin by checking
all ducts, dampers, and wiring against the system drawings.
Typical problems that might be encountered include:
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e Inlet and outlet connections to rock bed, fans, heat
exchanger, or collector reversed

e Normally open automatic dampers installed in place of
norwally closed automatic dampers

e Fan rotation reversed.

Leak detecticn is more difficult in air-based systems than
in liquid-based systems, but in most cases leaks can be felt

by hand vhile the fan is operating. Sometimes you can
detect leaks more easily if you introduce a non-toxic odor
such as air freshener into the duct. (Smoke is not recom-

mended for use here.) Test the collector ducts when the sun
is not shining, or put an opaque cover over the collectors

before testing. Dampers may be closed manually as required
to test various sections of the systen.

If you find a leak, try to repair it permanently before
applying duct tape. Leaks are most likely to occur at the
seams of the rock bin, at joints between duct sections, and
at connections between ducts and other equipment.

This is a good time to test the system imn all operating
modes to ensure that it functions as intended. Since sys-
tems vary greatly in their operating modes, only general
guidelines can be given here. Most controller manufacturers
make testing devices and publish data on how to use the tes-
ters. You may need a set of jumper wires to operate the
system in its various modes. CAUTION, DANGEROUS VOLTAGE MAY
BE PRESENT AT CONTROLLER TERMINALS. Flows in ducts can usu-
ally be determined by feeling a temperature change, and by
observing temperature changes with the temperature sensors
installed in the ducts, rock bed, and collectors.

Install the insulation on the ducts, rock bed, and other
components. As you install the insulation you should label
the ducts according to air flow direction. Tag the dampers,
fans, filters, and so on to correspond with the numbers on
the system drawings. Automatically controlled two-way dam-
pers should be labelled "normally open" or '"normally closei"®
and the legs of automatically controlled three-way dampers
should be labelled "common,"™ ‘"normally open," and "normally
closed".

Operate the system in its heating, noncollecting mode to
fully discharge the rock bed. With the rock bed discharged
its temperature sensors should indicate 1low temperatures.
Change to the collecting, nonheating mode to charge the rock
bed. BAs it charges, its top temperature sensor should indi-
cate a high temperature, its bottom temperature sensor a low
temperature. When the rock bed is fully charged, both tea-
perature sensors should indicate high temperatures. Replace
defective sensors.
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Inspect the air filters. If they are excessively dirty,
find the cause and repair it before you install clean air
filters. The system is now ready for operation.

"

Periodic Ipspection and Maintenance

The following tasks should be performed mohthly during the
heating season or at intervals specified by component manu-

facturers. :

* Replace air filters.
e Inspect fan belts.
e Lubricate motor and fan bearings.

Before each heating season, inspect the system for leaks and
check fans, dampers, sensors, and controllers for proper
function.

Owner's Manual

The contractor should provide the owner with a manual that
includes the following: : : L o -

e A summary description of how to operate the controls

e Instructions on how to do periodic maintenance

e A detailed description of how the system operates

e Schematics of ducting and wiring with labels that cor-
respond to the labels attached to the hardware

* Component and systen warranties. -
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CHAPTER 3. THERMAL ENERGY STORAGE IN LIQUID-BASED SYSTEMNMS

Before selecting a particular type of storage tank, you must
consider a number of variables:

e Size and shape e Leak protection

e Material e Protective coating

e Location e Installation

e Insulation e Pressure and temperature
e Corrosion limits

e Cost

Our discussion of these considerations is based on experi-
ence with early residential solar heating systeas. The

designer should use tested materials, such as steel, fiber-
dglass, concrete, or wood with plastic lining, to avoid the
risks inherent in using materials that have not beem proven.
Advantages and disadvantages of each type of tank are shown
in Table 3-1. All types of tanks can be purchased or con-
structed in any size likely to be used im storage systeas.

Normally, only one tank is used for storage in space heating
systems. Where the properly sized tank is unavailable, or
vhere space restrictions dictate the use of smaller tanks in
place of a larger one, two or more storage tanks can be
used. Two spall tanks cost more thanm a large one, hovwever,
and a multiple tank system requires more insulation because
nultiple tanks expose a larger surface area than a single
tank.

In Chapter 1 we said that a storage system with perfect
thermal stratification can perform 5 to 10 percent better

than a thermally aixed system. Although perfect stratifica-
tion cannot be achieved in a liquid-based system, partial
stratification can be encouraged by the methods shown in
Figures 3-1a, b, and ¢. Using a horizontal inlet and outlet
and low-velocity flows (Figures 3-1a and b) is so easy to do
that it should be standard practice in liquid-based systess.
Baffles (Figure 3-1c) are most easily installed by the manu-
facturer. Avoid the design mistakes illustrated in Figures
3-2a, b, and c.

Connecting two or more tanks in series is sometimes promoted
as a means of providing temperature stratification. In

theory, only water from the coldest tank enters the collec-
tor, and the collector discharges water only to the hottest
tank. In practice, the small gain from imperfect stratifi-
cation is usually 1lost because of the higher heat losses
suffered by multi-tank systess.
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a. Vertical flow

disrupts thermal
stratification.

V

MIXED

(-

b. High-velocitI flow
causes turbulence,
mixing, and

“4‘”:;:3A> _ short-éircuiting.
MIXED <::i>
. </E3

c. Inlet and outlet
close together

causes short-cir-

F"' e ~) cuiting. Parts of

INEFFECTIVE storage medium far
from inlet and

outlet may be
ineffective,

SHORT- ~~ A 8~—
CIRCUITING CSJ_—

Figure 3-2. ‘Water Tank Design Mistakes
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Table 3-1.: Advantages and Disadvanfages of Tank Typ=2s

ADVANTAGES :

Steel Tank Fiberglass Tank Concrete Tank Wooden Tank with Liner
Cost is moderate. : Factory-insulated tanks Cost is low. Cost is moderate.

: ar2 available. . 4
Steel tanks can be Considé;able Zield Concrete tanks may te Indoor installation is
designed to withstand experience is avail- cast in place or may easy.
pressure. ©  able. be precast.
Much field experience ° Some tanks are cesigrned .
is available. spezifically for solar
erergy storage.

Connections to plumb- Fibarglass dces not
ing are easy. rust or corrcde.

Some steel tanks are
designed specifically
for solar energy

storage.
DISADVANTAGES °
Steel Tank Fiberglass Tank Concrete Tank Wooden Tank with Liner

Complete tanks are Maximum temparature is Careful désign is Maximum temperature is

difficult to install limited even with required to avoid limited.

indoors. special resins. cracks and leaks.

Steel tanks are - Fiberglass tanks are Concrete tanks must " Wooden tanks must-not be

subject to rust and relatively expensive. not be pressurized. - pressurized.

corrosion. - K
Complete tanks are . Connections to plumbing - Wooden tanks are not
difficult tc install ‘are difficult to make suitable for underground
indoors. . leaktight. installation.

Fiberglass tanks must ,
nct be pressurized. -
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TANK TYPES

Steel Tapks
The primcipal advantages of steel tanks are their moderate
cost, the relative ease of fabricating them to ASME Pressure
Vessel Ccde requirements, the ease of attaching pipes and
fittings, and the amount of experience available with steel
tanks.

Steel tanks are subject to rust and corrosion. Six basic
approaches to protecting the tank from corrosion are: .

Use a protective inner coating or liming.
Increase the steel thickness.

Use a chemical inhibitor.

Use cathodic protection.

Exclude oxygen by sealing the systen.

Use stainless steel alloys.

Protective Coatings: Glass and stone ;ipings will protect
steel from corrosion but are prohibitively expensive and

not readily available in tanks larger than 120-gallon
capacity. A large number of altermnative coatings are
available. Typical of these coatings are phenolic,
epoxy, butyl rubber, and coal tar. How well the coat-
ings adhere to the tank wall depends largely on the
skill of the people who apply them. An interior coating
that detaches from the walls can cause severe clogging
problems, even when a flow strainer is used. Ask the
tank or coating manufacturer for information on tempera-
ture limits, length of time the coating will protect the
tank, and warranties.

Increased Thickness: Extra wall thickness in steel tanks

may be worth the extra expense and can be easily com-
bined with other methods of protection.

Chemical Corrosion Inhibitors: Chemical corrosion inhibi-
tors protect the tank either by forming chemical com-
plexes on the surface of the metal or by adjusting the
acidity of the solution to a range where corrosion takes
place very slowly. In systems protected by chemical
corrosion inhibitors, the solutions must be tested per-
iodically, typically every six to tweaty-four months, in
order to maintain the effectiveness of the inhibitor.
Corrosion inhibitors are available as separate compo-
nents to be added to plain water in a tank or mixed with
antifreeze solutiocn to protect the collector 1loop and
heat exchangers.
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Since all corrosion inhibitors are toxic to some degree,
their use in solar systems should be considered care-
fully, particularly when potable water is to be heated.
Chromate-type inhibitors should not be used in systess
involving potable water because the chromates are both
carcinogenic and highly toxic. Moreover, proper dispo-
sal of used chromate solutions is exceedingly difficult.
Because sewage treatment plants cannot effectively treat
them, chromates should not be flushed into sewers. Ask
the inhibitor manufacturer about the toxicity of his
product, what metals it protects, and how often it sust
be tested.

Cathodic Protection: A bar of highly reactive metal, such
as zinc, aluminum, or magnesium, can be attached imnside
the tank to provide cathodic protection against galvanic
corrosion. The bar must make electric contac¢t with the
tank and must be submerged in the water. The metal cho-
sen for the protective bar should be more reactive than
the most reactive metal in the solar systen. This
method of protection works well in combination with tank
coatings. Since protection of the solar system ends
vhen the metal bar is completely dissolved, the bar must
be replaceable.

Sealing System Against Oxygen: If the system is conmpletely
sealed so that mno air or water camn enter it, the only
oxygen available for the rusting process is the oxygen
trapped inside the systen. When the oxygen in the sys-
tem is used up, no further rusting can occur, Sealed
systems must be designed to ASME Pressure Vessel Codes,
and an expansion tank may be required to limit the pres-
sure created as the liquid in the system expands. This

method of preventing rust does not protect against gal-
vanic corrosion or acid attack.

Stainless Steel: Stainless steel tanks are rarely used in
solar systems because of their high initial cost. How-
ever, stainless steel tanks do not require interior or
exterior coatings or other methods of protection. When
the cost of maintaining corrosion inhibitors is consid-
ered, a stainless steel tank may cost less than a carbon
steel tank over the lifetime of some systems. Because
there has not been much experience with stainless steel
tanks in solar systems, we recommend that you investi-
gate the costs of several alternative tank materials
before you decide on a stainless steel tank.

These techniques of corrosion inhibition may be used singly
or may be combined in various ways.

A sample specification for steel tanks is given in Appendix
G.
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concrete Ianks

Concrete tanks for solar energy storage may be divided into
two categories: cast-in-place tanks and precast tanks,
including tanks designed primarily to be used as septic
tanks and utility vaults. The problems of design and selec-
tion of concrete storage systeams can be addressed by good
specification and installation practices. The following
discussion is based on actual experience with the use of
concrete tanks in solar systeams and on the requirements of
applicable codes and standards to storage systeams.

Major advantages of concrete tanks are that they are rela-
tively inexpensive as 1long as their shape is kept simple,
the mass of concrete becomes part of the storage systeam, and
concrete is a readily available construction material. Con-
crete also has considerable resistance to underground loads.
Because concrete can be cast in almost any shape, it is
ideal for retrofit imstallations. Concrete is also fire-
proof and corrosion resistant.

Concrete does have several disadvantages, however. It is
subject to capillary action, so water can seep through
cracks and Jjoints unless the tank is 1lined. Concrete
requires sophisticated design and workmanship and, being
very heavy, often requires special foundations. Leakproof
connections through the tank walls are often difficult to

make, and substances leaching from unlined concrete tanks
can cause corrosion of metals (especially aluminum) in the
systen.

Detailed specifications for concrete tanks are given in
Appendix H.

Eiberglass-Reinforced Plastic Tanks

Both factory-insulated and on-site-insulated fiberglass-re-
inforced plastic (FRP) tanks are available and have been

successfully used in solar energy imnstallations. The main
advantage of FRP tanks is that they do not corrode.

We recommend that you use factory-insulated FRP tanks, which
are designed specifically for solar energy storage and are
available in convenient sizes and shapes. A typical facto-
ry-insulated FRP tank consists of an inner FRP shell covered
with 2 to 4 inches of urethane insulation. An outer FRP
shell protects the insulation. Pactory-~insulated FRP tanks
can be used outdoors above or below grade or in a garage.
In nev houses, they can be installed in a basement or util-
ity roon. Because these tanks are usually too large to fit
through the doors of existing houses, retrofit applicatioas
are not practical.
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Installation of on-site-insulated FRP tanks requires much
more care than that of factory-insulated FRP tanks. The
extra labor required to insulate and install an on-site-ia-
sulated tank may make a factory-insulated tank less expen-
sive. Some installations, however, can benefit from the
igreater variety of sizes and shapes that are available in
on-site-insulated tanks.

Nearly all FRP tanks have two linitations.

e FRP tanks must not be pressurized or subjected to a
vacuul inside the tank unless they are specifically

de51gned for it. A vent will ensure that the tank is
not subjected to these conditioms. .

o Tank temperatures must never exgeed f e ;;gxt .2_c1£1ed
by the manufacturer. Exceeding the 1limit will void the
varranty and damage the tank, Since the tenperature
limit is nearly alvays below the boiling point, THE
SYSTEM CONTROLLER MUST STOP HEAT ADDITION TO THE TANK
BEFORE THE MANUFACTURER'S TEMPERATURE LIMIT IS REACHED.
Adjust the cutott point ovun Lhe comtroller to SOF below
the temperature limitation on the tank. Since many
controllers do not have a provision for 1limiting the
tank temperature, you must select the controller care-

fully.

The temperature 1limitation is determined by the type of
resin used to make the tank. Ordinary polyester resins have
a limitation of 160°F -- suitable only for low-temperature
tanks., With premium quality resins, the temperature limita-
tion can bé¢ raised to 180-200vF. Consult the tank manufar-
turer for details.

A sample specification for FRP tanks is shown in Appendix I.

Sooden Tanks with Plastic Liners

A vinyl-lined, 2000-gallon cylindrical tank is available in
kit form.* According to the manufacturer's instructions, the
tank, made of 3/8-inch CDX plywood and reinforced with steel
bands, can be installed with simple hand tools.: The kit
includes insulation for the bottom, sides, and cover, as
well as a 1-inch PVC compression fitting. The maximum
allowvable temperature inside the tamk is 160°F.

¢Acorn Structures, Inc., Concord, Massachusetts 01742.
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You can make a small plastic-lined wooden tank by using the
type of vinyl bag made to line a pickup-truck bed as a liner
.and adapting the wooden box described in Appendix F to suit
the dimensions of the bag. The dimensions of this type of
tank make it suitable for installation in a crawl space.
Since the bag will have oanly one opening, Yyou will have to
add another one, Put it as far from the first opening as
possible to minimize short-circuiting from the inlet to the
outlet. As in other tanks with vinyl liners, the tempera-
ture within the tank should be strictly limited to 160°F or
less.

TANK COSTS

Factors that affect tank installation costs include the
tank's size, whether it is being installed in a new building
or has to ke built into an existing omne, its location, its
temperature requirements, its insulation requirements, and
the materials used.

Size

Tank size is the most important factor affecting cost. Gen-
erally; the cost per gallon decreases as the size of the
tank increases, as shown in Figure 3-3, Because system per-
formance is not extremely sensitive ‘to tank size (unless the
tank is considerably undersized) the best approach is to
select a standard size close to the optimum size as deter-
mined in Chapter 1.

Whether the tank is to be installed in a _new or an existing
building limits the choice of tank materials and location.

A steel or fiberglass tank can be installed in the basement
of a nevw building before the floor joists are put in, but
such an installation is not ordinarily possible in an exist-
ing building. For am existing building you must choose
either a different location or a different tamnk material.

Reinforcements to the foundation can be specified before a
nev building is built, but in an existing building part of

the basement floor nay have to be removed before a rein-
forced section of floor can be installed. The greater flex-
ibility in choosing tank materials, tank location, and foun-
dation reinforcement generally gives a solar system in a new
building a cost advantage over a solar system in an existing
building.
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Location
Tank location affects the special requirements for tanks
shown in Tables 1-2 and 1-3. These requirements include
waterproof insulation, extra-thick insulation, freeze pro-
tection, protection from groundwater (tie-down straps, exte-
rior corrosion protection, provisions for drainage of
groundvater, etc.), long-lifetime components, and limita-
tions on materials that can be used. Each special require-
ment adds to the system's cost.

Underground tanks generally use the most special require-
ments. The insulation should be waterproof and should have
extra thickness because of the possible presence of ground-
water, which reduces its insulating value. Tie-down straps
are required to prevent flotation of a partly filled tank.
Provisions for draining groundwater and rainwater away from
the tank and exterior corrosion protection for steel tanks
should also be included. Because access to them is diffi-
cult, underground tanks should be designed for a long life-
time. Steel, fiberglass, and concrete can be used for
anderground tanks, but wood is not recommended because of
its short lifetime when in contact with earth.

Basement locations generally impose few special requirements
on the storage tank. Weatherproof and extra-thick insula-
tion, freeze protection, and protection from groundwater are
not needed when the tank is indoors. Steel and fiberglass
tanks cannot be installed in existing buildings because they
ordinarily will not fit through the doors. If a steel or
fiberglass tank 1is to be installed in a new building it
should last the lifetime of the building. Both wooden and
cast-in-place concrete tanks are suitable for basemeant in-~
stallation. '

The requirements for tanks in basements also apply to tanks
in crawl spaces. In addition, since most crawl spaces are
unheated, extra insulation and a means of protecting the
tank from freezing are needed.

A garage is an excellent location for steel or fiberglass
tanks. The large door allows for easy installation or
replacement of the complete tank. Since most-  garages are
unheated, extra insulation and a means of protecting the
tank from freezing are needed.

The requirements for outdoor, aboveground storage tanks are
the same as for those in garages, except that the tank must
also be protected from the weather. Some factory-insulated
fiberglass tanks are adequately protected against weathering
‘and do not need additional protection.
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Temperature Requirements

High storage temperatures are. undesirable for the following
reasons.

e High temperatures decrease collector efficiency.

* High temperatures increase insulation requirements.

e High temperatures require better gquality lining and
material for all types of tanks.

e High temperatures increase corrosion rates.

Each of these effects of high storage temperature tends to
increase costs.

Insulation requirements are primarily determined by the
tank's location. Indoor tanks in heated areas require the
least insulation, and protection of the insulation can con-
sist of a simple cover. Typical insulation costs for indoor
tanks are shown in Figure 3-4. Tanks in unheated indoor
locations need extra insulation thickmess, but a simple
cover is sufficient protection for the insulation. Outdoor

tanks have the most severe insulation requirements. Above-
ground tanks require extra insulationm thickness and protec-
tion from weather. Underground tanks require waterproof

insulation and extra thickness to compensate for the pres-
ence of groundwater. The cost of insulating an outdoor tank
is about two to four times the cost of insulating an indoor
tank. The costs of materials and labor frequently make a
factory-insulated tank less expensiv than an on-site-insu-
lated tank. '

Materials

In the 500- to 4000-gallon-~-capacity sizes used 1in space
heating systens, the least expensive storage tanks are
unlined, wunpressurized steel tanks, plastic-lined wooden
tanks, and concrete tanks. Steel and concrete tanks are
roughly comparable in cost, as shown in Figure 3-3. Local
availability, shipping costs, and installation costs tend to
determine which type of tank is least expensive for a parti-
cular installation. The cost of the lining necessary for
steel tanks does not change this conclusion. The cost of
insulation makes plastic-lined wooden tanks (not shown in
Figure 3-3) slightly less expensive than steel tanks.
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Steel tanks with a 100 psi ASME rating generally cost
approximately twice as much as non-pressure-rated tanks, but
if you have a local source of ASME-rated tanks the differ-
ence in cost can be much less. A sealed system using a
pressure-rated tank, a phenolic lining, and cathodic protec-
tion has a potentially long lifetime.

Fiberglass is the most expensive material for tanks, but it
does not corrode. If the maximum tank temperature is lim-
ited by the system controller, a fiberglass tank can have
the long lifetime required for some imstallatioms.

BUNPS
Pumps arc used tn circulate heat transfer fluids in all
liquid-based solar systems except thermosyplon sycteas.
This section will discuss the types of pumps available and
how to select a pump for a specific application.

Two types of pumps are readily available on the market. One
is the positive displacement punmp, characterized by a 1low
flow rate and high head. ("dead," a term used throughout
this section, is another word for pressure, which can be
measured in the number of feet of liquid that the pressure
can support in a vertical pipe.) The positive displacement
pump is rarely used in solar systems, which do not need a
high head. If you use a positive displacement pump you will
need a reliet valve ovu the output side to prevent excessive
pressure from mounting if a pipe becomes plugged.

Centrifugal pumps, characterized by a low head and high flow
rate, are used in most solar syste®s and are available with
a wide variety of flow rates. These pumps can be sealed
against leaks in three ways: vith adjustable packing, with
a mechanical seal, or with a magnetic coupling.

The adjustable-packing seal, shown iu Figure 3-5, is the
least desirable sealing system because it requires frequent
inspection and adjustment. This type of seal uses a packing
gland to squeeze the packing between the pump housing and
the pump shaft. If the packing-gland adjustment is too
tight, the packing will bind the pump shaft, but if the
packing-gland adjustment is too loose, ¢the seal will leak,
As the packing wears, the packing gland mast be tightened.
Adjustable-packing seals should not be used vhere access to
the pump is difficult, wvhere leakage from the seal could
cause system failure, where leakage could create a hazard to
people, or where antifreeze fluids are used. Antifreeze
solutions, especially silicon oils and, to a lesser extent,
glycol solutions, have an affinity for leaks.
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The mechanical seal, shown in Figure 3-6, consists of two
carefully polished surfaces pressed together by a spring.
One of the surfaces is part of the pump shaft, and the other
surface is sealed against the pump housing with an O ring.

A minute amount of leakage lubricates the polished surfaces.
The amount of leakage is so small that it evaporates before

becoming visible.

Considerable experience with hydronic heating systems has
shown that mechanical seals can last the lifetime of the
system without requiring adjustments. The system must be
kept clean, for grit in the water can easily scratch the
polished surfaces. Chromate-type corrosion inhibitors have
caused failures when the leakage evaporated and deposited
hard chromate crystals between the polished surfaces. High
temperatures and pressures also cause premature failure.
Some antifreeze fluids, such as silicomn oils, tend to leak
excessively with mechanical seals.

A pump that uses a magnetic coupling, shown in Figure 3-7,
has no troublesome rotating seals. Instead, the rotor of
the electric motor and its bearings are placed entirely
inside an extension of the pump housing. The stator of the
electric motor fits outside the pump housing and drives the
rotor with a rotating magnetic field. In some designs a set
of rotating magnets replaces the stator, and an external
electric motor turns a shaft that rotates the magnets. Mag-
netically coupled pumps can be expected to last the lifetime
of the systen.

Pump Performance

Figure 3-8 shows a typical pump performance curve, which
includes three different sets of curves. (These curves can
be obtained from pump manufacturers and distributors.) The
designer must first consider the upper set of curves, which
gives the head versus flow. Figure 3-8 shows six head-ver-
sus-flow-rate curves corresponding to six impeller diame-
ters. Manufacturers supply several impeller sizes to fit
each pumgp model in order to closely match the pump charac-
teristics to the system characteristics. Also shown on the
upper set of curves are the pump efficiency and the required
motor horsepower.

To use the upper set of curves in selecting a pump, you must
know the flow rate at which the system must operate. This
flow rate is determined from manufacturers' or distributors!
data on collectors or heat exchangers. Data on head loss
through collectors and heat exchangers is also available
from manufacturers or distributors. The ASHRAE Handbook of
Fupdamentals, Chapter 26, "Pipe Sizing," gives a method for
calculating head loss caused by friction in pipes. The sum
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of head losses for individual components equals the head
loss for the system. We have plotted on Figure 3-9 a typi-
cal head-loss-versus-flow-rate curve for a system, shown as
Curve A. Although we have shown a complete curve, you will
need to calculate only two or three points close to the flow
rate at which your system must operate.

Curve B, a pump-head-versus-flow-rate curve, is also shown
in Figure 3-9, For clarity, we include only one pump curve.
A system having the characteristics of Curve A and using a
pump with the characteristics of Curve B will operate at the
intersection of the two curves. For such a system the flow
rate will be Q and the head will be H. The designer must
select a pump that will give a flow rate Q that is within 5
percent of the flow rate required by the collector or heat
exchanger. In situations where more than one pump and
impeller diameter combination will give acceptable flow
rates, curves similar to those in Fiqure 3-8 will help you
choose the pump with the highest efficiency.

Punp Power

The lower set of curves in Figure 3-8 gives the power con-
sumed by the pump versus flow rate and impeller diameter.
After selecting a pump, an impeller diameter, and a flow
rate, you can use the lower set of curves to determine the
size of the motor required by the pump. In a well designed
system the total pumping power for the system should not
exceed 1 1/2 percent of the solar power being collected. (1
HP = 2546 Btu per hour; 1 watt = 3.41 Btu per hour.)

The middle curve in Figure 3-8 gives the pump's net positive
suction head (N.P.S.H.) requirement. Net positive suction
head is the absolute head at the pump inlet minus the vapor
head of the ligquid being pumped. If the N.P.S.H. does not
exceed the pump's N.P.S.H. requirement, cavitation can occur
and can destroy the pump in a short time. Most systems have
sufficient N.P.S.H., but all systems must be checked for
this requirement.
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The N.P.S.H. at the pump inlet can be calculated in the
following manner.

e Find the atmospheric pressure measured in feet of
vater. Figure 3-10 gives atmospheric pressure versus
altitude.

o Measure the difference in height (in feet) between the
punp inlet and the surface of the water in the tank.

If the pump is located below the water surface, add
this difference. If the pump is located above the
water surface, subtract this difference.

o Subtract the head loss caused by friction in the pipe
connecting the pump inlet to the storage tank. Refer
to the ASHRAE Handbook of Fundamentals, Chapter 26, for
the method of calculating this head loss.

e If the system is pressurized, add the tank gauge pres-
sure measured in feet of water. (Multiply psig by 0.43
to get feet of water.)

e Subtract the vapor pressure, measured in feet of water,
at the highest temperature the system will reach. Fig-
ure 3-11 gives the vapor pressure of water versus its
temperature.

The result is the N.P.S.H.

Pump Materials

Pumps are usualli made from iron, bronze, or stainless
steel. Iron will quickly rust in an open system, but it can

be used in a closed system with corrosion inhibitors. Both
bronze and stainless steel pumps can give long service life.

OTHER COMPONENTS

Solar systems generally use the same types of hand-operated
valves commonly found in residential water systems. There
are two types of valves, the globe valve and the gate valve.
The globe valve (Figure 3-12) controls the amouat of flow.
Globe valves do not permit complete draining of lines when
they are placed in a horizontal position, and they offer
more resistamnce to flow than do gate valves. Gate valves
(Figure 3-13) are not suitable for controlling the amount of
flow but are used to open or close a line. When open, gate
valves have only small resistance to flow. They can be used
as isolation valves. Most valves used in solar systems are
of this type.
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Any closed subsystem must contain a temperature and pressure
(TEP) relief valve to prevent damage to the system fronm
excessive temperature or pressure. TE&EP valves for domestic
hot water tanks usuwally have 210°F temperature and 150 psi
pressure settings. Teagerature and pressure settings for
other types of tanks will differ from settings for domestic
hot water tanks. All T6P valves must meet ASME Boiler and

Pressure Vessel Code requirements.

Expansion Ianks

The liquids in a solar system expand when they are heated.
The pipes and other components also expand, but not enough
to contain the increased volume of the liquid in a closed
system. To allow room for this excess volume in closed sys-
tems, an air space must be provided. The air space may be
provided as part of the main tank in the system or as a
separate expansion tank.

Incorrect sizing of exiansion tanks has been a frequeant
cause of trouble in solar systems. A method of determining

expansion tank size is given in the ASHRAE Handbook and Pro-
duct Directory, 1976 Systems, Chapter 15, "Basic Water Sys-
tem Design." since the volumetric expansion of antifreeze
solutions is greater than the volumetric expansion of water,
systems using antifreeze require a larger expansion tank
than do systeas using water. The method of calculating
expansion tank size given in the ASHRAE Handbook and Product
Directory must be modified as follows.

e From the distributor or manufacturer of the fluid,
obtain data on how the fluid's density changes with

changes in temperature. (This information for water
and scme other heat transfer fluids can be found in
Figure B-4, Appendix B of this manual.)

¢ Multiply the volume of fluid in the system by the
fluid's density at the lowest temperature that you
expect and divide the result by the fluid's density at

the highest temperature that you expect. The resault
will be the total expansion of the fluid in the systenm

(Part E in Equation 7 of the ASHRAE handbook mentioned
above). All other parts of the ASHRAE method of sizing
expansion tanks can be used without modification.

Two types of expaunsion tanks are available. One is a simple
tank with an air space; the other uses a flexible diaphragm

to separate the water from the air in the tank, thus pre-
venting the water from absorbing the air. Both are effec-
tive, but the diaphragmless tank requires periodic replace-
ment of the air absorbed by the water in the tank.
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As a solar system cools, the volume of the liquid in the
system decreases. Vacuum relief valves must be installed in
closed systems to prevent vacuum damage to tanks. For exam-
ple, if a tank with a 4-foot horizontal diameter cools until
the pressure in the tank is 1 pound per square inch below
atmospheric pressure, the force on the top of the tank will
be more than 1800 pounds.

Iemperature Sensors
Temperature sensors in storage tanks serve three purposes:

¢ To Lell the controller when to turn the collector pump
on. This temperature sensor should be installed in tLhe
tank near the bottom connection to the tank. When the
collector temperature is warmer than the temperature at
the bottom of the tank, the system controller turns on
the collector punmp.

e To tell the controller when heat is available for heat-
ing. This temperature sensor should be installed in
the tank near the top connection to the tank. When the
tank is warm enough to supply heat to the load, the
controller will take heat from storage to satisfy the
load. Otherwise, the controller will turn on the aux-
iliary heater.

e To limit the temperature in the tank to a safe maximunm,
Some controllers use the same temperature sensor to
indicate when heat is available for the load and to
limit the tank temperature, while other controllers use
separate temperature sensors for these functions.
Unfortunately, many of the controllers that are commer-
cially available do not have provisions for limiting
tank temperatures. Limiting the tank temperature is
cccential if the tank has a rubber or plastic liner or
if the tank is made of fiberglass-reinforced plastic.
Even metal tanks can benefit from a temperature limit,
for corrosion rates approximately double with each
10-degree increase in tank temperature.

Iu addition to the temperature sensors, thermometers should
be installed to measure the water temperature at the upper
and lower connections to the tank. These thermometers will
help the installers start up and adjust the system. After
the system is in operation, the thermometers can help detect
malfunctions. For example, a failure of the collector cir-
cuit would be indicated by an abnormally low tank tempera-
ture in the afterncon of a sunny day.
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Ruxiliary Heating Systenm

As we stated in the preceding chapter, solar space heating
systems must have auxiliary heaters that are able to supply
100 percent of the heating load. Liguid-based systems are
often combined with forced air heating systems, requiring a
liquid-to-air heat exchanger in a forced-air duct to trans-
fer heat to the building air. The heat exchanger can be
installed either upstream of the auxiliary heater as shown
in Figure 3-14a or downstream of the auxiliary heater as
shown in Figure 3-14b.

The configuration shown in Figure 3-14a has a minimum oper-
ating temperature of about 70 to 75°F. The minimum operat-
ing temperature is a few degrees above the return air tem-
perature because of the temperature drop caused by the heat
exchanger. Studies have shown that people find 70°F circu-
lating air chilling. To ensure that the air will circulate
at a comfortable temperature, the auxiliary heater is turned
on whenever solar energy is unable to maintain a duct tem-
perature of about 959F or more. While the auxiliary heater
is operating, solar energy preheats the air entering the
auxiliary heater. This system is usually used with an elec-
tric heater. Because the solar-heated air must pass through
the auxiliary furnace's heat exchanger, some solar heat may
be lost up the flue of a gas or oil furnace. If the auxil-
iary furnace has an automatic flue damper to prevent this
loss, the solar preheat arrangement is feasible with a gas
or oil furmnace.

The configuration shown in Figure 3-14b is usually used with
gas or oil auxiliary heaters without flue dampers or for
situations where there is not room to install the heat
exchanger between the blower and the heater. As in the pre-
vious confiquration, the auxiliary heater is turned on when-
ever solar energy cannot maintain a duct temperature of
about 95°F or more. In this configuration the pump that
circulates water from storage to the heat exchanger must be
turned off when the auxiliary heater is turned on so that
the auxiliary energy heats the building instead of recharg-
ing the storage unit.

The solar space heating system can also be combined with
hydronic heating systems (Figure 3-14c) using baseboard
heaters, fancoil units, ceiling panels, or floor panels.
Each type of hydronic system has a minimum operating temper-
ature that varies with the outdoor temperature. If the tem-
perature in storage is less than the minimum operating tem-
perature of the system, the automatic valves must shut off
the storage loop, and the boiler must be turned on.
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TANK INSTALLATION
Proper installation of storage tanks is essential. The
foundations under the tank must be strong enough to support
the weight of the tank and the water that the tank will
hold. Water weighs about 8.3 pounds per gallon, so the
water in a 1000-gallon tank will weigh 8300 pounds -- more
than four tons. If the foundation is not built to hold this
weight, the tank may settle and cause leaks in the connected
piping or in the tank itself. We recommend that you have a
structural engineer review the foundation design for any
storage tank. Local building codes will specify the type of
footings required.

Vertical steel tanks that are not buried need a concrete
ring-wall foundation. Horizontal steel tanks above ground
should be supported on concrete saddles with appropriate
foundations. The tank manufacturer will tell you the tank's
weight to help you determine how much support it needs.

Fiberglass tanks are designed to be installed with full bot-
tom support. If an aboveground tank is mounted on a con-
crete pad, the concrete must be smooth and have enough rein-
forcement to support the weight of the full tank.

For tanks installed underground, anchorage must be provided
to prevent bouyant uplift when the tank is empty. The tank
should be anchored to a concrete pad at least 6 inches thick
and weighing at least as much as the water the tank can
hold. The concrete should be covered with a layer of fine
pea gravel, sand, or number 8 crushed stone at least 6
inches deep and spread evenly over the concrete to separate
it from the tank. Fiberglass or steel hold-down straps
should be anchored a foot beyond the sides of the tank. The
hold-down straps should pass over the top of the tank and
should be tightened with turnbuckles to give a snug fit.

Use at least a 5 to 1 safety factor when you calculate the
strength of the hold-down straps and turnbuckles.

Backfill with pea gravel, sand, or number 8 crushed rock at
least 2 inches all around the tank. The remainder of the
backfill may be clean tamped earth or sand to a depth of 24

to 36 inches above the tank. Provide concrete pads for
nozzles and manholes extending to grade. See Figure 3-15
and Appendices G and I for additional details.

In areas with a high water table, the tank insulation must

be impervious to water or the tank must be installed in a
vault provided with a sump pump.
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OPERATION AND MAINTENANCE

Design for Maintaipability

Baintenance must be considered as the system is being
designed. Many solar systems fail or perform poorly because
they cannot be properly maintained. If a storage tank can-
not be easily replaced, it should last the lifetime of the
building. Before installing any components the designer
should consider how each component will be repaired or
replaced and provide for working room around the components.
All tanks and heat exchangers must have a means of being
drained for imspection and repairs.

Simple systems are usually easier to maintain thén compli-
cated systems. The advantages of a simple system are:

Initial cost is lower.

Installation errors are less likely.

There are fewer components to fail.

Controls and operation are easier to understand.
Defective components can be more easily found and
replaced. :

Ansvering three questions will help you decide whether the
system is too complicated or too simple.

e If a feature were deleted from the system, how much
energy collection would be lost?

e If a feature were deleted from the system, would a mode
of failure be introduced?

e If a feature were deleted from the system, would human
safety Lte degraded?

You can use a system analysis method (such as f-Chart, SOL-
CO0ST, DOE-1, or TRNSYS) to estimate the extra amount of
energy collection attributable to a particular feature. If
the value of the extra emergy collected over the life of the
system is less than the cost of the feature, the feature
cannot be justified economically. If, in addition, the
ansvwers to the second and third questions are "no," the fea-
ture should te deleted from the systen.

Startup

Before insulation is applied to the pipes, the system must
be carefully inspected and tested. egin by checking all

piping, valving, and wiring against the system drawvwings.
Typical problems that might be encountered include:
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e Pumps or valves reversed

e Inlet and outlet connections to tanks, heat exchangers,
or collectors reversed '

e Normally open valves installed in place of normally
closed valves, or vice versa

e Lines in drain-down systems improperly sloped.

This is a good time to begin labeling the piping, although
some parts must be labeled after the insulation is
installed. The contents (air, water, ethylene glycol, etc.)
should be tagged om each major line, along with the notation
for liquids "potable," "nonpotable,® or "toxic". Potable
water is fit for human consumption. Toxic substances, such
as ethylene gqlycol and many corrosion inhibitors, are, of
course, nonpotable;: however, a substance need not be toxic
to be nuvnpotable., Wwater that resides in a storage tank for
several veeks is nonpotable, even if it has no toxic addi-
tives. A color code can be used for labeling (see the ASH-
RAE Hapdbook of Fundamentals). Safe fluids should be
labeled with green, vhite, gray, black, or aluminum; danger-
ous fluids with orange or yellow. Pipes should be labeled
with flow direction.

Valves, pumps, heat exchangers, and so on should be tagged
to correspond to the identification mumbers on the systenm"
drawings, and flow directions should be marked on the parts.
Automatically controlled two-way valves should be labeled
“"normally cpen® or "normally closed™. The legs of three-way
valves should be labeled "common," "normally open," and
"normally closed".

Before installing insulation and before backfilling a below
ground storage tank, test the entire system for leaks. If
the system can be pressurized, the best way to test for
leaks is: '

Close the vent valves if necessary. Attach an air coa-
pressor to the system through a valve and fill the systenm
to the normal operating pressure of the weakest compo-
nent. Turn off the air compressor and close the valve,
If the air pressure drops more than 20 percent in tventy-
four hours, the system leaks. Test all pipe joints and
packings with socapy water. Bubbles will appear at the
leak. Do not forget to open the vent valves if you have
had to close them before testing.

THIS TEST IS ONLY FOR PINDING LEAKS IN THE SYSTEM; IT IS
NOT A REPLACEMENT FOR THE ASME PRESSURE VESSEL CERTIFICA-

IION TEST. PERFORM ASME PRESSURE VESSEL CERTIFICATION
TESTS OF COMPONENTS BEFORE YOU PERFORM THIS LEAK TEST TO
BE CERTAIN THAT ALL COMPONENTS CAN WITHSTAND THE TEST
PRESSURE.
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If the system is not designed for pressure or if the system
has already been leak-tested with compressed air, fill the
system to the proper levels with the appropriate fluids.
Inspect all pipe joints and packings for leaks and remove
any trapped air pockets.

Trapped air pockets can be removed in several ways.

e Fill the system to its highest point.

e If the system is designed for pressure, pressurize the
system and open the air bleed valves at the high
points, or

e Turn the pumps on and allow the liquid to sweep the air
from the systen. .

Check and refill the system to the proper levels.

Test the system in all operating modes to ensure that it
functions as intended. Since systems vary dgreatly in their
operating modes, only general guidelines can be given here.
Most controller manufacturers make testing devices and pub-
lish data on how to use the testers. You may need a set of
jumper wires to operate the system in its various modes.
DANGEROUS VOLTAGE MAY BE PRESENT AT CONTROLLER TERMINALS.
Flows in pipes usually can be determined by feeling a tem-
perature change and by observing temperature changes with
the thermometers installed in the tank and collectors.

A special additional test is required for drain-down sys-
tems. After operating the system in the collecting mode and

then in the drain-down mode, shut off the system and tempo-
rarily disconnect the piping, as shown in Figure 3-16a.
Apply compressed air as shown in Fiqure 3-16b to blow the
trapped water into buckets. If more than a few drops of
water fall into the buckets, the system does not drain prop-
erly and could be damaged by freezing. Do not operate the
system until the cause of faulty draining has been corrected
and the system has been retested. If the system passes the
drain-down test, reconnect the pipes.

Several final operations should be performed before the sys-
tem is put into operation. 1Inspect the filters. If you
find dirt or grit, or if the fluid is discolored, do not
start the system until the cause has been found and cor-
rected. Test the fluid pH and measure the antifreeze or
corrosion inhibitor concentration. If test results are not
within the manufacturer's specifications, do not continue
until the cause has been found and corrected. Inspect and
repair leaks, if any. Finally, install the insulation on
piping and complete the labeling of components. The systenm
is novw ready for operation.
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HIGHEST POINT -
INSYSTEM

SOLAR
COLLECTOR

( o

— ABOVE WATER LEVEL
e F~IN TANK
STORAGE TANK
-—— - <
PUMP

Figure 3-16a. Temporarily disconnect'piping at points
- marked "X" for drain-down test. :

APPLY COMPRESSED AIR
HERE ?No HERE

N

SOLAR =
COLLECTOR

) - ~ BUCKET

X X BUCKET
o

STORAGE TANK

PUMP -

Figure 3-16b. Drain-down Test
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Periodic Inspection and Maintenance -

The following tasks should be performed twice each year,
vhen the system is switched between winter and summer modes.

Inspect for leaks.

Check fluid levels in tanks.

Clean or replace fluid filters. '

Examine fluid samples for grit, sludge, dirt, or dls-

coloration.

Test the fluid pH.

e Measure the concentration of antifreeze or corrosion
iphibitors.

e Check pumps, valves, sensors, and controllers for

proper function.

At an interval (usually two to five years) specified by the
tank manufacturer, the collector manufacturer, the anti-
freeze manufacturer, or the corrosion-inhibitor manufac-
turer, drain and replace the fluids in the system. (For
some systems this is unnecessary.) )

The contractor should provxde the owner with a manual that
includes the follou1ng information:

e A summary descrlption of how to operate the controls

e Instructions on how to do periodic maintenance

e A detailed description of how the system operates

e Schematics of plumbing and wiring with labels that cor-
respond to the labels attached to the hardware

e Component and system warranties.
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CHAPTER 4.
THERMAL ENERGY STORAGE IN DOMESTIC HOT WATER SYSTEMS

" The most ccmmon and economical use of solar energy in the
United States is heating hot water in homes and other build-
ings. Building codes strictly requlate systeams containing
potable (drinkable) hot water, so check local codes before

installing a solar domestic hot water heating system.

- Solar hot water heating systems differ from conventional hot

wvater heating systems mainly in two areas, both related to
safety. First, the potable water must be separated from
nonpotable water and from the toxic substances used in many
solar systens. Second, overheating of the system must be:
guarded against.

Separation of Potable and Nonpotable Water

The Department of Housing and Ucban Development has pub-
lished standards for property receiving federal fipancing in
their Solar Initiative programs. The HUD Intermediate Mini-

num Property Standards lists the following requirements:
"S5-615-10 PLOMBING
"S-615-10.1 Handling of Nonpotable Substances

Potable water supply shall be pro-
tected against contamination in
accordance with the prevailing
model plumbing code having juris-
diction in the area, as well as
the requirements which follow.

"S-615-10.1.1 Separation of Circulation Loops

Circulation 1loops of subsystenms
utilizing nonpotable heat transfer
fluids shall either be separated
from the potable water system in
such a manner that a minimum of
tvo walls or interfaces is main-
tained between the nonpotable
liquid and the potable water sup-
ply or otherwise protected in such
a manner that equivalent safety is
provided.
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"Commentary: Double wall heat exchanger designs
are one way of meeting the intent of this crite-
rion.  When double wall heat exchanger designs
consisting of two single wall heat exchangers in
combination with an intermediary potable heat
transfer liquid are used, leakage through one of

" the walls would result in a single wall configu-
ration. Although this design is considered to
meet the intent of this criterion, there are sev-
eral other desiqgns that avoid this problen.

"The use of single wall configurations which
solely rely upon potable water pressure to pre-
vent contamimpation 1is not considered to be an
acceptable solution. Similarly, extra thick
single walls are not considered to meet the
intent of this criterion.

"For approval of other than double wallvdésigns,
the procedures descrlbed in S-101 should be uti-
lized.s o

"S-€15-10.1.2 Identification of Nonpotable and
Potable Water ‘

In buildings where dual fluid sys-
tems, one potable water and the
other nonpotable f£fluid, are
installed each system may be iden-
tified either by color marking or
metal tags as required in ANSI
A13.1-1956 [Scheme for the Identi-
fication of Piping _1_tems, TAmeri-
can National sStandards Institute]
or other appropriate method as may
be approved by the local adminis-
trative code authority. Such iden-
tification may not be required in
all cases.,

"5-615-10.1.3 Backflow Prevention

Backflow of nonpotable heat trans-
fer fluids into the potable water

$5-101, "vVariations to Standards," is an earlier sectiom of
the HUD Intermediate Minimum Property Standards. It lists
some general qoals and refers to Section 101-4 of MPS
4900.1, Minimum Property Standards for One- and Two-Family
Dwellings, which contains details for approval of

one-time-only and multiple-occurrence variatioms.
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system shall be prevented in a man-
ner approved by the local adminis-
trative code authority.

"Commentary: The use of air gaps and/or mechani-
cal backflow preventers are two possible solu-

tions to this problenm."

Of these standards, only the double-walied heat éxchanger
requirement is rarely encountered in conventional plumbing
practice. Some types of double-walled heat exchangers are:

(a) Wraparound shell (Figure 1-7) : .

(b) Tvo single-walled heat exchangers with an intermedi-
ate loop (Figure 1-8)

(c) Shell-and-double-tube (Figure 1-10)

(d) Coil soldered to tank--also called traced tank (Fig-
ure 1-6)

(e) Tvwo tubes swaged together.

Two tubes swaged together means that one tube 1is inside

another in such a way that the outside of the inner tube is
firmly pressed against the inside of the outer tube. This
type of double tube is often used in heat exchangers and is
sometimes called double-walled, but for separating potable
water from toxic substances it should be considered as hav-

ing an extra-thick single wall.

A heat exchanger of Type b can use the water in the main
storage tank as an intermediate loop if the storage water
contains no toxic additives, or the intermediate loop may be
an independent loop with its own pump between two
single-walled heat exchangers .

The HUD standards have been interpreted in various ways.
The strictest interpretation would require that a Type a, b,
or ¢ double-walled heat exchanger be used whenever any heat
transfer fluid other than potable water is used to heat
potable water., Types d and e would be considered single-
walled heat exchangers with extra-thick walls and would not
be allowed. However, Types d and e have been allowed by
local building code authorities where a heat transfer fluid
with low toxicity, such as food-grade (U.S.P.) propylene
glycol or the silicon oils, has been used.

The current state of uncertainty is expected to be cleared
up in 1979 when the American National Standards Institute,
which is working with many professional, trade, consumer,
and government groups, publishes a model building code for
solar heating and cooling equipment. Until the new stan-
dards are available, the HOD standards as interpreted by

local building code officials should be used as guidelines.
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Overheating is the second area of concern in domestic hot
water heating by solar energy. Conventional hot water heat-
ers are regulated by thermostats that do not allow water
temperatures to exceed the thermostat setting (usually
140°F) . It is quite possible, especially in summer, for
solar-heated water to reach scalding temperatures that can
cause serious burns. For this reason all the hot water
should pass through a tempering (mixing) valve that adds
enough cold water to keep the temperature of water delivered
to the taps below 140°F. PFPigure U-1 shows a typical temper-
ing valve installation. If the tempering valve is soldered
in place, the temperature-sensing element must be removed
during soldering to ptevent its being ‘damayed.

CoLD ._:—'ﬁ‘ N\
WATER

ELEMENT MUST BE
REMOVED BEFORE

SOLDERING coLD
. T0 HOT WATER
—_ |~ TAPS
HOT

HOT ——a
WATER I

Figure 4-1. Typical Tempering Valve
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All domestic hot water tanks must be equipped with temper-
ature and pressure relief valves as specified in local
building codes. In addition, the tank must comply with the
ASME Boiler and Pressure Vessel Code if any of the following
conditions are exceeded:

e 120-gallon-capacity tank
e 200,000-Btu-per-hour heating rate
o 210°F water temperature in tank.

Since most single-family residential domestic hot water
tanks do not exceed these conditions, they are exempt from
ASME Boiler and Pressure Code requirements.

SIZING DOMESTIC HOT WATER

The storage system should be large enough to supply approxi-
mately 100 percent of the daily hot water load from storage.
The HUD Intermediate Minimum Property Standards recommend

the following guidelines for determining the load:

e For one- and two-family residernces and apartments up to
tventy units, each unit requires 20 gallons each for
the first two persons plus 15 gallons for each addi-
tional person.

e For apartments of 20 to 200 units, each unit requires

40 gallonms.
e For apartments of more than 200 units, each unit

requires 35 galloms.

In most cases there is no conflict between these storage
sizes and the rule of thumb of 1.25 to 2 gallons per square

foot of collector given in Chapter 1.

If there is a small conflict between the rule of thumb and
the HUD recommendations, choose 1.25 gallons per square foot

of collector or the HUD recommendation, whichever is larger.
In the rare instance that the conflict between the two meth-

ods is substantial, only computer methods such as TRNSYS or
DOE-1 can resolve the conflict.

AUXILIARY HEATING SYSTEMS

To provide hot water on cloudy days you will need auxiliary
heat, which can be provided by gas, o0il, or electricity.
There is considerable controversy about whether the auxil-

iary heat should be added to the solar-heated tank (a one-
tank system, shown in Figure 4-2) or the auxiliary-heated

tank should be separate from the solar-heated tank (a two-
tank system, shown in Figure 4-3).
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Figure 4-2. -Typical One-Tank Installation
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With gas or oil auxiliary heat the flue is a major source of
heat loss. This heat loss can be minimized in two ways,
which can be used separately or in combination: (1) by
using a small auxiliary heating tank which has relatively
small flue loss, or (2) by installing an automatic flue dam-
per. The use of a small auxiliary heating tank implies a
two-tank system. The small heater does not provide enough
hot water for heavy demand by itself, but preheating the
water from the solar storage tank allows the auxiliary
heater to recover quickly. Retrofit solar systems can use
an existing gas or oil water heater as the auxiliary unit,
although the tank and its <corresponding flue losses will be
larger than necessary. Automatic flue dampers are recom-
mended for gas and oil auxiliary heaters, but they may be
prohibited or very strictly requlated by local building
codes. 1t you want to use an aulumatic flue damper, be sure
it is approved by the American Gas Association (AGA), Under-
writers Laboratories (UL), and your local building codes.

With electric auxiliary heat there are no flue losses, and
one-tank systems are usually specified, since the cost of
providing an electric heater in the tank is very low com-
pared with the overall cost of another tank. Electric heat-
ers are usually installed in the upper part of the tank to
take advantage of temperature stratification. In retrofit
applications, storage tanks with electric heaters are fre-
quently ordered where the source of auxiliary heat is an
existing gas or oil water heater. The electric element is
left unconnected until the gas or oil water heater fails, at
which time the electric element is connected and the systenm
is converted to one-tank operation.

Typical domestic hot water tanks have insulation values of
R-10 or less. By comparison, following the method described
in Chapter 1 of this manual would yield an insulation
requirement of R-29 to R-33 to 1limit heat loss to 2 percent
in 12 hours (assuming a tank temperature of 140°F and an
ambient temperature of 70°F). Even if the insulation
requirements were lovered to limit 1losses to 10 perceant in
24 hours as specified in the HUD Intermediate Minimump Prop-
erty Standards, R-11.5 to R-13 insulation would be required.
Clearly, then, most domestic hot water tanks can benefit
from added insulation, and insulation kits are available.
The added 1insulation is very effective on electric- and
solar-heated storage tanks, but it c¢annot reduce the flue
losses in gas- or oil-fired tanks. If you install addi-
tional insulation, be careful not to obstruct air vents on
gas- or oil-fired tanks, pressure and temperature safety
valves, or water temperature tempering valves.
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DOMESTIC HOT WATER WITH LIQUID-BASED SPACE HEATING

A domestic hot wvater heating system can be used with a
liquid-based space heating system in several ways. A sepa-
rate stand-alone hot water system that can operate through-
out the year independent of the space heating system can be
used. This type of installation allows the space heating
system to be shut down in the summer with no effect on the
hot water systen.

Two variations of a system in which domestic hot water is

preheated by a heat exchanger in the storage tank are shown
in Figure 4-4. The main advantage of this type of system is

that it does pnot require a separate tank for storing pre-

heated domestic hot water. However, the space heating stor-
age tank must be heated in the summer to provide year-round
solar-heated domestic hot water. Furthermore, most corro-

sion inhibitors could not be used in the storage tank with-
out violating the HUD Intermediate Minimum Property Stan-

dards for double-walled heat exchangers. '

A system in vwhich hot water from the main storage tank is

pumped through the domestic hot water heat exchanger is

shown in Fiqure 4-5, The spring-check valve prevents ther-
mosyphoning when the domestic hot water tank is warmer than
" the main storage tank. The chief advantage of this system

is that corrosion inhibitors can be used in the main storage
tank, since domestic hot water tanks with double-walled heat
exchangers are available. Disadvantages include the sys-

tem's mechanical complex1ty and the necessity of heating. the
main storage tank in summer.

An air-to-liquid heat exchanger (Fiqure 1-11) installed in
the return (hot) air duct between the collectors and the
damper that directs air to the rock bed or building is com-
monly used to heat domestic hot water in air-based systeas.
The heat exchanger must be capable of withstanding water-
main pressure, since it will contain potable water. A pump
circulates water from the domestic hot water tank to the
air-to-liquid heat exchanger.

A back-draft damper is reqguired to prevent thermosyphoning
of the air in cold weather. Failure to install the back-

draft damper can cause the air-to-liquid heat exchanger to
freeze. A two-way damper can be installed so the air can

bypass the rock bed in the summer.
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coLD TO AUXILIARY
WATERI ] HEATER .

MAIN STORAGE TANK

Figure 4-4a. Coil Immersed in Main Storage Tank to Heat
Domestic Hot Water

MAIN STORAGE TANK

Figure 4-4b. Tank Immersed in Main Storage Tank to Heat
Domestic Hot water
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DOMESTIC
: HOT WATER
DIFFERENTIAL STORAGE TANK
THERMOSTAT

Q TEMPERATURE
SENSOR NEAR
TOP OF TANK
MAIN TEMPERATURE
STORAGE SENSOR
TANK
SPRING
CHECK VALVE
HEAT
EXCHANGER
CONNECTIONS
Figure 4-5. Water Pumped from Main Storage Tank to Heat

Domestic Hot Water
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The most common type of solar system being installed today
is the stand-alone domestic hot water syvsten. Since the
purpose of these systems is to heat water, most are liquid-
based, although a few are air-based.

For single-family residential systems, many companies sell
kits that include specialized solar system components such
as collectors, storage tanks, heat exchangers, controllers,
pumps, valves, and temperature sensors, as well as installa-
tion instructions. The installer must supply standard hard-
ware such as electrical wire, pipe and fittings, and nuts
and bolts, ¥e recommend using such a kit in preference to
individual components because the kit manufacturers have
selected components and controls that work together and have
tested and modified the systems to eliminate problenms.

If you wuse a kit there are several things you should do
before beginning to install it, Read the manufacturer's

instructions carefully so that you will know what order the
steps of the installation must follow, what specialized
skills are necessary, and whether any steps require special
care or precautions. Determine exactly what materials you
must supply--this requirement varies from one manufacturer
to another. Also, determine what type of heat exchanger is
supplied in the kit, whether the heat exchanger fluid to be
used is toxic, and whether 1local building officials will
approve the installation,

Systems larqger than 120-gallon capacity are not available as
kits. If you choose to design a domestic hot water systenm
using components from different sources, your design tean
should be thoroughly familiar with the material in Chapters
1, 3, and 4 of this manual and the appendices referred to in
these chapters. We also recommend that a professional engi-
neer he a member ot the desiyn teanm. An important differ-
ence between large and small systems is that domestic hot
. water tanks larger thamn 120-gallon capacity must have an
ASME Pressure Vessel Certification. A sample specification
for a large domestic hot water tank is givemn in Appendix G.
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APPENDIX A.

COMMON PROBLEMS OF STORAGE SYSTEMS

The following table presents some examples of problems actually
experienced with solar energy storage s¥stems, what caused the
problems, and how they were dealt with.

PROBLEM

DESCRIPTION

RESOLUTION

Stratification in
Liquid Tank Not
Accomplished.

High Thermal Loss
in Buried Tank

Heat Loss

Heat Loss

High velocity input
prevented stratifi-
cation and reduced

efficiency.

Water getting into’

insulation of buried
tank increased heat

loss.

High heat loss at
night was thought to
be caused by heat
escaping through the
tank insulation
because of high

ground water. Further
investigation showed

a faulty thermocouple
that allowed pump to
run all night, reject-
ing tank heat to
atmosphere.

Ground water around
tank caused high heat
loss.

Diffusers were in-
stalled to minimize
velocity.

Provide ground
drainage, provide
waterproof insula-
tion, or locate above
ground.

Thermocouple was
replaced and replace-
ment also failed. It
was then found that
the thermocouples used
were not suitable for
the temperatures ex-
perienced. They were
replaced with high
temperature thermo-
couples,

Additional insulation
and stones were placed
under and around tank
to improve drainage.

1 United States Department of Commerce, National Technical Infor-

mation Service.

Hardware Problems Encountered in Solar Heating

and Cooling Systems, prepared by Mitchell Cash, George C. Marshall

Space Flight Center.

N78-25539, May 1978.
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PROBLEM

DESCRIPTION

RESOLUTION

Bypass of Rock Bed

Leakage

Leekage'

Sewer Gas in the
House

Heat Loss through
Insulation

Heat Loss

A rock bed desizned for horizontal flow
had an air spacz at the top, which per-
mitted the air to bypass the rocks.

Leakage existed at joints of fiber-
glass tank after tanxk was assembled
on site from two halves.

Fiberglass4tank3 leaxed through wicking
action in some fiberzlass threads that
extended through the tank.

A sewer drain was installed under a
rock bin to remove’ any water. The
heat in the bin evaporated the water
in the drain trap, lstting sewer gas
into the house.

‘Buried concrete tank leaked water through

the tar seal, soaking the insulation aad
increasing the heat loss. :

Heat loss from domestic hot water tanks
exceeded manufaczturer's specifications.
Investigation showed the added solar
piping and instrumentation provided an
increased heat leak »ath.

Redesign to use vertical flow
through the rock bed. (Hori-
zontal flow also reduces the
desired stratification effect.)

Carefully assemble following
the manufacturer's recom—
mendations and using the
recommended sealing materials.

Seal all exposed flberglass
threads

Changed drain to a locatlon
outside rock bin.

Changed to aboveground storage
tank.

Adequately insulated all exposed
piping and instrumentation
connzacted to the storage tank.
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PROBLEM

DESCRIPTION

RESOLUTION

Oversized Storage Tank

Contaminated Heat
Exchangers

Heat Transfer
Losses

Corrosion

Heat Loss

Heat Loss

Tank was too large for collector area
and tank temperature never exceeded
57°C (135°F).

Heat exchangers supposedly of
refrigeration quality were
contaminated with machine oil
and metal filings.

Heat transfer from collector loop
through the heat exchanger into the
storage tank was not as good as
assumed.

Investigation indicated that the
corrosive cendition of the ground
itself might create problems with
the underground storage tank.

Steel legs supporting storage
tank conducted heat away from tank.

Underground tank insulation was

_ damaged by lack of proper support

in rocky soil. Maintaining water-
tight insulation on underground
storage tanks is difficult. Water
in insulation increased heat
transfer.

Replaced tank with one that
provided 7.6 liters (2 gallons)
of storage for each square foot
of collector.

Units were returned to vendor
for cleaning. .

A parallel heat exchanger was
added. (This was considered

less expensive than replacing
with a more desirable larger

single heat exchanger.)

Installed cathodic protection
for the tank (sacrificial
magnesium anodes) and coated
tank with a rubberized vapor
barrier.

Thermally isolated supporting
legs.

Check waterproofing prior to
installing, provide proper
support, install carefully,
patch any bad spots in insu-
lation, and backfill carefully.
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PROBLEM

DESCRIPTION

RESOLUTION

Incorrect Inlet
and Outlet

Materials

Saturation of

‘Insulation

Too Many Tank
Penetrations

Flow from collector to tank entered
at bottom of tank. Flow back to
collector was also from bottom of
tank, causing short circuit in flow
path and elininating benefit of
stratification.

Material plamned for inside.coating
of storage tank melted at 82°C
(180°F).

An open-cell foam was applied to the
tank. This acted as a sponge, col-

lected water, and increased heat loss.

The fiberglass storage tank had all
feed and return pipes for the solar
collector loop, house locp, and ’
domestic hot water loop through the
tank below the water level. This
resulted in leaks that were dif-
ficult to seal.

Flew from collector to tank
shculd enter tank at top where
water is hottest. Flow back
to collector should be from
bottom of tank (on opposite
enc from inlet if no distri-
bution manifold is used).

Changed to a compound stable
at 145°C (250°F).

Use closed-cell foam.

Two of the three loops were
pressurized with positive
pressure to the pump suction.
Only suction line to the
unpressurized loop needed to
be below the water level to
provide positive suction to
thz pump. All others could
be brought into the tank above
the waterline, and even the
one suction line tank pene-
tration could be above the
water level if a foot valve
was added.



PROBLEM

DESCRIPTION

RESOLUTION

High Pressurz Drop
in Heat Exchanger

Loss of Heat
from Storage

19

Trash in Tank

Heat exchanger tubes extended completely .
through marifold to far side of manifold
and restricted flow.

A heat exchanger for collector-to-storage
heat transfer was installed too high in
the storage tank. Under some conditions
(particularly when solar radiation was
low), the collector pump would start -
when collector temperatures were below

storage tank top temperatures, resulting

in transfer of heat from storage to
collector.

Tank covers were difficult to remove to
check water level, and loose tank
insulation was dislodged and dropped
into tank.

Reworked manifold header to

provide internal clearance.

Ensure proper location of
heat exchangers and proper

. location and setting of

controls.

Covered source of loose
insulation and used care in
opening. ‘



APPENDIX B. HEAT TRANSFER FLUIDS

Heat transfer fluids are used in solar systems to transfer heat from

the solar collector to the storage medium and from the storage medium

to the building. They are sometimes called "collector coolants'" because
they cool the collector as they absorb its heat. '

The fact that some heat transfer fluids and manufacturers are mentioned

by name in this appendix as examples in no way constitutes endorsement
or recommendation.

COMPARISON OF HEAT TRANSFER FLUIDS BY GENERAL CHARACTERISTICS.

Air

Air is one of the most commonly used heat transfer fluids in solar systems.
It is free and will operate at any temperature the solar system will reach.
Moreover, a leak in an air-based system will cause no damage, although it
will degrade system performance. Since air has a low volumetric heat '
capacity, its flow rate through the system must be high. The power used

to transfer a given amount of energy is higher for air than for most liquids.
The major disadvantage of air is that it requires large duct size, which
makes retrofitting difficult and provides more area for thermal losses.

Air handling systems are also generally noisier than liquid-based systems.

Water

Water is a readily available fluid with good heat transfer properties
(i.e., high heat capacity, high thermal conductivity, and low viscosity).
Its major drawbiacks are its high freezing temperature, its expansion ‘
upon freezing, and its corrosive effect on common engineering materials
(except copper). Also, its low boiling point can cause large pressures
within the collector system under zero flow conditions. Water has no
adverse biological or environmental effects.

Ethylene Glycol

Other than water, the most commonly used heat transfer liquids in flat
plate collectors are water/ethylene glycol solutions. These common,
colorless, odorless antifreeze solutions are also used in many other
applications. Ethylene glycol is relatively inexpensive and available
from many manufacturers. (See listings in the Thomas Register.) With
corrosion inhibitors, aqueous ethylene glycol solutions can reduce the
corrosive action and freezing temperature of water. These solutions
are usually available in a wide range of concentrations and inhibitor
levels. The thermal properties of the solutions (heat capacity,
thermal conductivity, and viscosity) are poorer than those of water.
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The boiling and flash points of aqueous ethylene glycol mixtures are low
and can be easily reached under zero flow conditions. Glycols can oxidize
to organic acids (such as glycolic acids) when exposed to air near boiling
temperatures. The inhibitors used are designed to neutralize these
extremely corrosive acids. Periodic maintenance and addition of inhibitors
must be done' if 'these fluids are used. Another major drawback to the use
of ethylene glycol is its high toxicity.l Most plumbing codes require

that ethylene glycol solutions be separated from potable water by double-
walled heat exchangers.

Propylene Glycol

Propylene glycol has properties similar to those of ethylene glycol,
except that propyleme glycol has higher viscoslty and is less toxic.
With inhibitors, propylene glycol can be used with most common engi-
neering materials. Periodic maintenance and inhibitor addition must
be performed to limit corrosion. Propylene glycol will also form
acids at high temperatures in oxygen-rich atmospheres. Because of its
" lower toxicity, propylene glycol has been widely used in the food-
industry. ' Most manufacturers who produce ethylene glycol also market
propylene glycol. The higher viscosity of propylene glycol makes

the heat transfer properties of aqueous proplyene glycol mixtures
poorer than those of ethylene glycol.

Other Glycols

Other glycol solutions have been used as heat transfer fluids in
industry applications. These include diethylene and triethylene
glycol. With inhibitors, both ot these fluids can be used with higher
boiling points than ethylene glycol. The thermal properties of these
aqueous soluticns are similar to those of ethylene glycol at similar
concentrations. - The vapor pressure of each is slightly higher than
that of ethylene glycol. The toxicity of these fluids is between that
of ethylene and propylene glycol; their cost is slightly higher than
that of ethylene and propylene glycol.

! The U.S. Federal Food, Drug and Cosmetic Act of 1938, a big step
in the formation of the U.S. Food and Drug Administration (FDA),
was prompted mainly by a poisoning episode in 1937 involving at
least 73 deaths and perhaps as many as 107 deaths caused by
diethylene glycol contained in a drug known as "Elixir Sulfanilamide"
(Campbell). Diethylene glycol is somewhat less toxic than ethylene
glycol.
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Other glycol heat transfer compounds include polyalkylene glycols such
as Ucon? brand fluids and Jeffox3 brand fluids. With inhibitors, the
corrosive action of these compounds upon common engineering materials
can be reduced. They are low in toxicity and are available in a wide
range of viscosities. Fluids of this type that are applicable to heat
transfer purposes cost more than the other glycol compounds.

Petroleum (Mineral) 0Oils

Petroleum oils are also used as heat transfer fluids in industry
applications. They generally are fluids designed to operate at high
temperatures, although some are able to offer lower temperature operation.
As a group, they have poorer heat transfer properties than water, with
lower heat capacity and thermal conductivity and higher viscosity. The
flash point and boiling point lie below possible zero flow temperatures
of a collector. TUpon exposure to air at high temperatures, these fluids
are subject to oxidation and cracking, forming tars and other by-products
that will reduce collector performance and increase corrosion. The
toxicity of these fluids is generally low and their prices are relatively
low. Mobiltherm" Light brand fluid was chosen in this study as a good
representative of this class of fluids for low temperature applications.

Silicone Fluids

Some flat plate collector installations have used silicone fluids as the
heat transfer fluids. They are produced by Dow Corning and General
Electric, among others. These fluids have low freezing and pour points,.
low vapor pressure, low general corrosion, good long term stability, and
low toxicity. Their major drawbacks are high viscosity, causing poor
heat transfer- and requiring higher flow rates, and high cost. Also,
leakage through fittings can create problems because silicone fluids
have lower surface tension than aqueous solutions. Joints and fittings
must be adequate to insure minimal leakage.

2 Ucon is a trademark of Union Carbide Corporation.
3 Jeffox is a trademark of Jefferson Chemical Company, Inc.
% Mobiltherm is a trademark of Mobil 0il Corporation.
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Other Fluids

Another possible fluid for use in flat plate collectors is Dowtherm® J
brand fluid. It is an alkylated aromatic compound with low viscosity,
low heat capacity, and low thermal conductivity. It is relatively )
inexpensive but has low flash and fire points. Oxidation of Dowtherm J
at high temperatures upon exposure to air can lead to formation of
insoluble materials and increased fluid viscosity. When the fluid is over-
heated, the flash point can be lowered and vapor pressure increased. If
it is contaminated by other fluids (such as water), corrosion can be
enhanced (in the case of water, steel). The toxicity of Dowtherm J is
high. As with aqueous ethylene glycol solutions, double walls would most
likely have to separate the potable water from the Dowtherm J.

Some other possible heat transfer fluids include Therminol® 44 brand
ester-based fluid, Therminol 55 brand alkylated benzene fluid, and
Therminol 60 brand hydrogenated aromatic fluid. They have low heat
capacities, low thermal conductivity, high viscosity, and low freezing
temperatures. The flash points of these fluids are at the upper range
of possible zero flow temperatures. The costs of Therminol 44 and 60
are relatively high, while Therminol 55 is much less costly.

Sun—Temp7 brand fluid, a saturated hydrocarbon, is another possible heat
transfer fluid available to flat plate collector users. It has low

heat capacity, low thermal conductivity, high viscosity, a low freezing
temperature, a high boiling temperature, low toxicity, low corrosivity
with aluminum, and low vapor pressure. It is relatively inexpensive.
Because of its high viscosity, larger flow rates are required to produce
turbulent flow and to increase heat transfer.

Recently, inorganic aqueous salt solutions have been proposed as possible
heat transfer fluids. According to Kauffman, 23-percent sodium acetate
and 38-percent sodium nitrate aqueous solutions with suitable additives
can be used as heat transfer fluids. These solutions have low toxicity.
Their cost is comparable to that of ethylene glycol, and their heat
transfer properties are similar to those of the glycols. Pumping costs
for these fluids would be low. Like other aqueous solutions, they are
subject to boiling at lower temperatures with large vapor pressures.
These fluids are still being investigated for solar energy applications.

COMPARISON OF 'HEAT TRANSFER FLUIDS BY PHYSICAL PROPERTIES

In the preceding discussion of heat transfer fluids, general character-
istics of each fluid studied were discussed. In the following sections,
the following physical properties will be considered.

5 Dowtherm is a trademark of Dow Chemical Coﬁpany.
6 Therminol is a trademark of Monsanto Company.
7 Sun-Temp is a trademark of Research Technology Corporation.
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. Thermophysical properties
. Flow rate
. Cost
Toxicity
Flammability
Corrosiveness
. Vapor pressure
Freeze protection

The heat transfer fluids discussed earlier will be compared to offer

a quantitative description of probable performance in double-loop hecat
exchanger collector systems. In some sections, representative fluids
were chosen for the comparison. For ethylene glycol a 50-percent
aqueous solution with inhibitors was used. Because most properties

of the glycols are not drastically different from manufacturer to
manufacturer, we did not always compare each available ethylene or
propylene glycol product. A 50-percent solution for both ethylene

and propylene glycols was used, since this allows adequate freeze
protection for most cases. For some applications, lower concentrations
might be plausible; in such cases, the results found here will be
slightly conservative for heat transfer and flow rate properties.
Also, since the properties of diethylene and triethylene glycol are
close to those of ethylene glycol, we did not consider it necessary to
compare these fluids in every section. ‘

Thermophysical Properties

The thermophysical properties of the fluids were found from the manu-
facturers' specifications over the operating temperature range of flat
plate collectors. For heat transfer, water is the best fluid. It has
a high heat capacity, high thermal conductivity, and low viscosity.
Water and the other heat transfer fluids are compared in Figures B-1
through B-4 for the following thermophysical properties.

Viscosity
Heat capacity

. Thermal conductivity
Density

Generally, aqueous solutions (such as ethylene and propylene glycol)
have better thermophysical properties than do the rest of the heat
transfer fluids except Dowtherm J. Dowtherm J has a lower viscosity
than glycol solutions but also has lower heat capacity and thermal
conductivity. Other simple comparisons of the heat transfer fluids
can be made from Figures B-1 through B-4.
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Figure B-1. Viscosity of Heat Transfer Fluids Versus Temperature
(Multiply centipoises by 2.419 x 10 * to get 1b/ft.hr.
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Figure B-3. Thermal Conductivity of Heat Transfer Fluids Versus Temperature

B8



70.- o R

";" -

£ -

~ _
-
n

= —
&

50. —

40.+ —

| | ] 1 | ] | ] | | |
0. 100. 200. 300.

TEMPERATURE (°F)

Figure B-4. Density of Heat Transfer Fluids Versus Temperature

B9



Flow Rate

One of the important parameters to be considered in selecting a heat
transfer fluid is the operating pressure drop caused by friction within
the fluid channel. The pressure drop of the fluids was investigated for
various flow rates and fluid channel sizes. McAdams. found the pressure
drop per tube length within tubes to be:

AP f G"2 )
L~ 2 D,gp 144 (psi/ft) B-1
;8

This neglects entrance and exit effects. Equation B-1 is applicable for
collector, heat exchanger, and traced tank tubes where:
f = friction faetor
= 16/Re, for Re < 2900 (laminar flow)
= 0.0014 + 0.125/Re0'32, for Re > 2500 (turbulent flow in
smooth-walled tubes)
Re = Reynolds number"
= G" D /u
u = fluid viscosity (1b/ft-hr)
G" = mass flow rate through tube (1b/hr-ft?)
D. = tube inside diameter (ft)
g = acceleration of gravity
= 4.18 x 108 ft/hx?
p = density of fluid (1b/ft?)

Equation B-1 can be reduced to the Darcy equation in the form:

AP _ 0.0216L Q2
L 45

where:

flow rate (gal/min)

Q
d

tube inside diameter (in)
Equation B-1 shows that the tube size greatly affects the pressure drop

within the tube. Some fluids, because of their higher  pressure drops,
require larger tube sizes than water.
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The shell-side pressure drop can be found by using the following equation
from D. Q. Kern. :

£ G2 +
AP = — TBX Pe (par * 1 (psi) B-3
2 gp D0 144

where:

Gmax = maximum flow rate through shell side (1b/hr-ft2)

Ds = shell diameter (ft)

Nbaf = number of baffles within heat exchanger

DO = tube outside diameter (ft)

f = friction factor

= 0.0014 + 0.125/Re'0:32
' =

Re GmaxDo/p

Cost

In some applications, more expensive fluids can be competitive with
less costly ones. 1In order to determine the relative cost of a heat
transfer fluid, the volume of fluid required for a particular appli-
cation must be known. For some applications (such as domestic hot
water heating) the amount of heat transfer fluid required will be small
since the collector area needed is small. In traced tank systems more
costly fluids can be used if their other properties are desirable.

Table B-1 shows the 1978 costs of many heat transfer fluids in single
55-gallon drum quantities. Note for the glycol solutions that the final
costs will generally be lower, since a 100-percent solution of the glycols
is not necessary. Thus Mobiltherm light and the glycols are the least
expensive heat transfer fluids for initial installation, while the sili-
cone fluids are the most expensive.

There are other costs besides those of the initial fillup. Periodic
maintenance and inhibitor addition, if needed, can add to the total
cost of the fluid over a specific time period. Where inadequate cor-
rosion and freeze protection might lead to collector failure, this
additional cost must be considered. Also, more viscous fluids will
require higher flow rates and increased pumping costs. Thus the total
investment in fluid over a given time period is equal to the sum of the
initial cost of the fluid plus any additional costs of added fluid or
inhibitor, increased pumping costs, maintenance, cost of replaced parts
needed because of inadequate freeze or corrosion protection, or cost

of reserve draindown or expansion tanks needed for some fluids.
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 Table B-1. Initial Fillup Cost of Heat Transfer Fluids

Fluid . . . Cost per Gallon Manufacturer
- (8ingle 55-gallon
drum quantities)

Water -— -
100% Ethylene Glycol 2.56 ‘ Union Carbide
1007 Propylene Glycol _ 2,45 Union Carbide
100% Diethylene Glycol 2.82 Union Carbide
100% Triethylene Glycol - 3.70 Union Carbide
100% Ucar® Thermofluid 3,81 Union Carbide
- (Ethylene glycol & inhibitors) '
100% Ucar Foodfreeze 3.63 Union Carbide
(Propylene Glycol & inhibitors)
100% Dowthermb SR~-1 3.65 ' Dow Chemical
(Ethylene Glycol & inhibitors) :
100% DowfrostP 3.45 ' Dow Chemical
(Propylene Glycol & inhibitors)
Mobiltherm® Light 1.29 Mobil 0il
SF-9A(50) ’ 14,00 General Electric
(S8ilicone)
Q2-1132 23.00 Dow Corning
(Silicomne)
Dowtherm J 4.50 Dow Chemical
Therfninold 44 ‘ ' 7.65 - Monsanto
55 2.80 Monsanto
60 : 6.80 Monsanto
Sun—Tempe 3.50 Resource Technology
Corporation
? Ucar is a trademark of Union Carbide Corporation.
b Dowtherm and Dowfrost are trademarks of Dow-Chemical Corporation.
c
Mobiltherm is a trademark of Mobil 0il Corporation.
d Therminol is a trademark of Monsanto Company.
e

Sun-Temp is a trademark of Resource Technology Corporation.
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Toxicity .

The toxicity of a heat transfer fluid can greatly affect the design and
operation of a double-loop flat plate collector system. Most plumbing
codes require that double walls or vented surfaces separate a toxic fluid
from potable water supplies. The possibility of poisonous fumes escaping
from the heat transfer fluid must also be considered. These problems
require the use of different heat exchangers, which transfer heat less
optimally than those that operate without a toxic fluid. The following
discussion describes the toxicity of the heat transfer fluids studied.
The information was obtained from the manufacturers.

In a discussion of toxicity the following definitions (from United States
Codes Annotated, 1974) are useful.

A hazardous substance is any substance or mixture of substances which:

-. Is toxic :
. Is corrosive (will cause destruction of living tissue by
chemical action)
Is an irritant
. Is a strong sensitizer
Is flammable or combustible
. Generates pressure through decomposition, heat, or other means.

A toxic substance is any substance that has the capacity to produce
injury or illness to man through ingestion, inhalation, or absorption
through any body surface.

A highly toxic substance is any substance that produces death
within 14 days in half or more than half of a group of ten or more
laboratory white rats, each weighing between 200 and 300 grams, at
a single dose of 50 milligrams or less per kilogram of body weight
when orally administered, or when inhaled continuously for a period
of 1 hour or less at an atmospheric concentration of 200 parts per
million by volume or less of gas or vapor, or 2 milligrams per liter
by volume or less of dust or mist.

LD,y refers to the quantity of chemical substance that kills 50

percent of dosed animals within 14 days. Dosage is expressed in
grams or milliliters per kilogram of body weight.

Single dose (acute) oral LQSO refers to the quantity of substance

which kills 50 percent of dosed animals within 14 days when admin-
istered orally in a single dose.

Because the primary hazard in using heat transfer fluids is the pos-
sibility that the heat transfer fluid may leak into a potable water
supply and be ingested, acute oral toxicity is the primary concern in

this section. Table B-2 lists the LD50 values for selected fluids for
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Table»B—Z. Apute Oral Toxicities of Hea; Transfer Fluids

Fluid

LD

Sun-Temp

50
Water —_

" 100% Ethylene Glycol 8.0
(No inhibitors) .
100% Probylene Glycol | 34.6‘
(No inhibitors) :

100% Diethylene Giycol 30.
(No inhibitors)

100% Triethylene Glycel | A30.
(No inhibitors)

100% Dowtherm SR-1 4ﬂ
Mobiltherm Light 20.
'SF-96(50) (silicone) 50
Q2-1132 (Silicone) 50
Dowtﬁerm J 1.1
‘Therminol 44 13.5
Therminoi 55 15.8
Therminol 60 13.0

No test information’
available
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acute oral toxicity. No substance listed is highly toxic according to
the preceding definition, - -but several are quite toxic. Dowtherm J is
the most toxic fluid listed in Table B-2, with the ethylene glycol
mixture second. The least toxic fluids are silicone fluids, Sun-Temp,
and propylene glycol. (Propylene glycol is routinely used in the food
industry.)

Flammability

The possibility of the heat transfer fluid being a fire hazard was
considered. In a discussion of the flammability of a heat transfer fluid
the following definitions are useful,

Boiling point -~ the temperature at which the vapor pressure of a
liquid equals the absolute external pressure at the liquid vapor
interface.

Flash point —- the lowest temperature at which a combustible vapor

above a liquid ignites and burns when ignited momentarily in air.

Fire point -- the lowest temperature at which a combustible vapor
flashes and burns continuously.

Self-ignition point -- the temperature at which self-sustained
ignition and combustion in ordinary air take place independent
of a heating source.

Extremely flammable -- any substance that has a flash point at or
below 20°F as determined by the TOCT (Togliabue Open Cup Tester).

Flammable -- any substance that has a flash point between 20°F and
80°F as determined by the TOCT.

Combustible —-- any substance that has a flash point between 80°F
and 150°F as determined by the TOCT.

Table B-3 lists the fluids studied and their boiling or flash points,
whichever were supplied by the manufacturers. None of the fluids listed
are extremely flammable or flammable. Only Dowtherm J is combustible,
with a flash point of 145°F. With the exception of the silicone fluids,
Sun-Temp, and Therminol 44, most of the fluids have flash points below
possible staganation temperatures.

The HUD Minimum Property Standards for FHA eligibility, according to
Kauffman, preclude the use of fluids whose flash points are not.at
least 100°F higher than the highest temperature to which t@eylmlght
be exposed. Thus the use of fluids with low flash points is llmlt?d
unless adequate safeguards limit the exposure of these fluids to high
temperatures and exposure to the atmosphere.
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Table B-3. Flammability of Heat Transfer Fluids

Fluid

Boiling Point
°F

Flash Point, °F
(Cleveland Open Cup)

Water

100% Ethylene Glycol
50% Ethylene Glycol
1007% Propylene Glycol
1007% Diethylene Glycol
_100% Triethylene Glycol
100% Dowtherm SR-1

50% Dowtherm SR-1

100% Dowfrost
‘Mobiltherm Light
SF-96(50)

Q2-1132

Dowtherm J

Therminol 44

Therminol 55
Therminol ‘60

Sun-Temp

2i2
388
225
370
475
550
325

230

250

425
600
650

500

240

225
290
330.

240

214

600
450
145
405
355
310

310
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Corrosion

Butt and Popplewell state that general corrosion is usually slow in
most systems but that localized corrosion is the prime cause for
corrosion problems in flat plate collector systems. According to
Popplewell, the four basic types of localized internal corrosion
that can be affected by the heat transfer fluid are: (1) galvanic,
(2) pitting, (3) crevice, and (4) erosion.

Galvanic corrosion occurs when two dissimilar metals are joined together
in an electrolyte (a fluid that conducts electricity, such as an aqueous
solution). Depending on the type of metals in contact, corrosion can
occur quite rapidly at the interface. This problem can be avoided by
separating any dissimilar metals in an electrolytic solution with
insulating couplings.

Pitting corrosion is characterized by rapid localized metal loss which
leads to perforation of metals in uninhibited aqueous solutions. For
aluminum, the presence of chloride ions in the heat transfer fluid will
aggravate this type of corrosion. Metal ions (copper and iron) will
cause pitting to begin on aluminum surfaces. Steel is also susceptible
to pitting corrosion in aqueous heat transfer fluids with chloride ioms.

Crevice corrosion is similar to pitting corrosion in that rapid metal
loss occurs in localized areas (inside crevices). Crevices can occur
in blockages within internal channels or gaskets through which the heat
transfer fluid passes. Aluminum and carbon steel are more susceptible
to this form of corrosion in aqueous environments. This problem can be
reduced by eliminating possible crevices by proper design.

Erosion Corrosion is caused by the joint action of corrosion coupled with
mechanical removal of the protective product film. It occurs under high
velocity or turbulent liquid flow conditions. Partial obstructions
within the fluid channel can cause localized high velocities and enhanced
corrosion. Aluminum, copper, and steel are all subject to this form of
corrosion. According to Popplewell, a maximum velocity of 2 feet per
second is considered relatively safe if the system is relatively free of
abrasions.

General Wastage

Most of the fluid manufacturers show that the general wastage of common
engineering materials by their fluids is small. Table B-4 shows several
examples of general wastage of metallic surfaces by different fluids.
Little Is known at present of the possibilities of localized corrosion
by the non-aqueous solutions.
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Table B-4. General Corrosion of Various Metals by Heat Transfer Fluids

Silicone (Q2-1132), 50% Propylene Glycol,
Metal mg/ cm? mg/cm? per day
Aluminum 0.01 Bright 0.25
Cast Iron 0.01 Bright -
Steel 0.01 Bright 0.002
Copper 0.02 Medium Stain 0.124

Silicone humidified fluid corrosion test results obtained as per SAE
xj 1705 (from Dow Corning Form No. 22-380A-76).

Vapor Pressure

Under zero flow conditions within the collectors, temperatures in excess
of 300°F are possible. For aqueous solutions the vapor pressure under
stagnation conditions can reach several atmospheres. Some collectors
cannot withstand these pressures. #igire B-3 shows Llhie absulule vapor.
pressure versus temperature for several of the fluids. The vapor
pressures of the fluids are quite low, even under zero flow conditions,
except for the aqueous solutions and Dowtherm J.

Freeze Protection

One of the major drawbacks of using water as a heat transfer fluid is
its high freezing temperature. In the continental United States, few
locationg have had uv recurded below-freezing temperatures.

Antifreeze solutions have been commonly added to water to lower its
freezing temperature. In some cases these solutions can retard the
expansivity of the water and create a slush that will not rupture the
fluid vessel. Most nonaqucous fluids do not expand upon freezing and
thus will reduce the risk of damaged pipiung. '

Because some fluids become so viscous that their freezing temperatures
are not easily measured, the pour point temperatures of the fluids are
used as their lower operating limits. The pour point temperature is
the temperature of the fluid at which it fails to flow when the
container is tilted to horizontal and held for 5 seconds.

Freeze protection temperatures can best be obtained from the manufacturer
for the particular fluid in question.
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APPENDIX C. CALCULATING INSULATION REQUIREMENTS FOR STORAGE DEVICES

This appendix explains how the multipliers in Tables 1-4 through

1-7 in Chapter 1 were derived. In addition, the more detailed
description of insulation calculations in this appendix will be help-
ful in cases where Tables 1-4 through 1-7 are not applicable (for

example, in calculating insulation for an odd-shaped storage device).

The first step in calculating the amount of insulation needed around
the storage device is deciding how much heat loss per hour can be
toleraled. Generally the amount of heat loss is stated as some
percentage of the system's storage capacity in a given time period.

The storage capacity is given by:

. . AT
P storage
where:

Cp is the volumetric heat capacity of the storage medium (Btu/°F-ft3).

V is its volume (ft3).
. . ) [+
Tstorage is its daily temperature range (°F).
The volume is stated in cubic feet. If you are working with volume
stated in gallons, multiply the number of gallons by 0.1337 to get

cubic feet.

Example 1l: From Table 1-1 we find Cp for water to be 62.4 Btu/°F-ft3.
A 750-gallon water tank whose operating temperature will
normally reach 160°F when charged and 100°F when discharged

will have a storage capacity of:

£+ 3
S = 62.4 259 4 750 gal x 0.1337 L& x (160°F-100°F)
°F- £t 3 _ gal
= 6257.16 S5 x (60°F)

375,400 Btu
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If we insulate the storage device so that it will lose p percent of its

energy in h hours, then the heat loss per hour will be:

Q=5 x - x

100 Cc-2

=

Example 2: If we insulate the 750-gallon tank in Example 1 so that it
will lose 2 percent of its stored energy in 12 hours, its

heat loss per hour will be:

Q = (375,400 Btu) X'I%G x-I% hours
L Btu
Q = 626 hour

Once you know how much heat loss you will allow from the storage device
per hour, you can determine how much insulation is needed. The amount
of heat escaping from the storage device is the sum of the amounts that
escape through each of its walls. These heat losses‘depend on the area
of the walls, on tﬁe total R-value of the insulation on each wall (see
Figure 1-4), and on the temperature difference across the walls. For

rectangular tanks the amount of heat that escapes per hour will be:

\

. A A . A
qQ = . top + - sides + bottom

AT c-3

top sides R bottom wall

where:

A is the area (ft2).
R io the R-valuc (ft2:°F-hour/Btu). Theese are the units commonly

used by U.S. insulation manufacturers.

ATwa11 is the difference between the normal maximum storage
temperature -and the ambient temperature (°F). AT .17 is
not the same as AT in Equation c-1.

storage
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For cylindrical tanks the heat loss per hour will be:

nDz :‘WDL . wD2

Q= T
. ARend Rsides 4Rend wall

where:
T = 3.14
D = tank diameter (ft)
L = tank length (ft) ,
R = R-value of the insulation (ft2.°F-hour/Btu)

Assuming that the R-value of the insulation on the top and sides of a
rectangular tank is R and that the insulation on the bottom is some

fraction, f, times R, Equation C-3 can be rewritten as follows:

. AT
Q = [Lw + 2LH + 2WH + Lf"l] el €5
where L, W, and H are the length, width, and height of the container.

Rearranging this equation gives:

ATwall

Q

R = |10 (%) + 2H (LHW)

C-6
Example 3: Suppose that the 750—gailon tank in the previous examples
is rectangular and has a length of 5 feet, a width of 4 feet,
and a height of 5 feet. It has half as much insulation on
the bottom (f = 0.5) as it has on the top and sides and is
located in a basement whose normal temperature is 65°F so
that ATWall is (160°F - 65°F) = 95°F. 1In Example 2 we
calculated the desired heat loss rate to be 626 Btu/hour. The

R-value of the insulation needed to allow this heat loss rate

will be (from Equation C-6):
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.+ 0.5 95°F .

=]
]

g ) '
(5ft. x 4ft.) ( o5 /1 2 x 5ft. x (5ft. + 4ft.)] x emrmmomes

95°F
626 Btu/hour

20 ft2 x (3) + 10 ft. x (9 ft.) X

150 ft2 x 95°F
626 Btu/hour

= 22.8 Btu

For a cylindrical tank, assume that one end of the tank has some
fraction, f, as much insulation as the other end and the sides. Then

Equation C-4 can be rewritten as follows:

. ‘ 2\ TAT
= (p2 D7) __wall -
Q <D +4DL+f> IR .C-7
where D is the tank diameter and L the lenth. Rearranging this equation

gives:

TAT .
R = |D? (—l—‘gi) + 4pL| —vall c-8
4Q,

Example 4: Suppose that the 750-gallon tank in Examples 1 and 2 is
cylindrical and has a diameter of 4 feet and a length of
8 feet. It is located aboveground outside where the
average January temperature is 30°F so that ATWall is
(160°F - 30°F) = 130°F. The insulation is the same all
around, so f = 1. Again, we want Q to be limited to 626
Btu/hour as calculated in Example 2. With Equation C-8,
we can calculate the desired amount of insulation as

follows:
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=
1

e (1+1) 7 3.14 x 130°F
[(4 ft. x 4 ft.) ——1——-+‘4 x 4 ft. xu8 ftu] 7 x 626 Btu/hour

3.14 x 130°F
x 626 Btu/hour

. 2 £+.2
[(16 ££2) (2) + 128 ft] .

160 ft2 x 3.14 x 130°F
4 x 626 Btu/hour

ft2- °F-hour

26.1 B

Calculating the proper amount of insulation for rock beds is a little
more complicated because the insulated surface includes the plena as
well as the walls around the rocks. Because of the added heat loss
area for the plena and because rock beds have a larger volume, the
amouht of insulation required will be greater for a rock bed than for

a water tank of equal thermal capacity.

Equation C-1 can be used.to calculate the storage capacity of rock beds
if the value of Cp that is used includes the voids around the rocks. |
Table 1-1 gives values of Cp for a 30-percent void fraction. If your
rock bed has a different void fraction, then the value of Cp without
voids (also in Table 1-1) must be multiplied by 1 minus the void

fraction to get the correct Cp to use in Equation C-1.

Equations C-2, C-3, and C-6 can also be used if the height, H, in
Equation C-6 includes the plena. The volume, however, does not
include the plena. The rule of thumb is that the vertical area of
each plenum should be one tenth of the horizontal area of the rocks.
Using this rule of thumb and assuming that the plenum opening is along
the length of the rock bed container, the total height of rock bed
plus both plena will be:

Htotal = Hrocks + 0.2 x width c-9
The values given in Tables 1-4 through 1-7 were calculated from .the

formulas given above.
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In calculating the multipliers for water tanks (Tables 1-4 thrdugh 1-6)

the following assumptions were made.

. The daily temperature range, ATstorage’ in Equation C-1 is
60°F.

. The heat loss rate in Equation C~2 is 2 percent (P = 2) in
12 hours (h = 12). '

Including the conversion from gallons to cubic feet in Equation C-1,

.the first assumption gives the storage capacity:

| L,
S = 62.4 sotl o x 0.1337 —— x 60°F x C

°F-Lft gallon

(where G is the capacity of the tank in gallons) or

_ . _Btu
= 500.57 gallon x G

Using this value and the second assumption in Equation C-2 gives:

S Btu . 2 1
Q = 500.57 gallon x & X700 * 12 hours
ot
Q=0.83%—L2 ___yg

hour-gallon

For rectangular water tanks it is assumed that the lusulation at the
bottom of the tank is half that on the sides and top, (f = 0.5). Using

this value of f and the value for Q obtained above, Equation C-6 becomes:

AT .
R= LW %'—g) + 2H(L-W) wall
: Btu
0.834 hour-gallon x G
or
_ | 3LW + 2H(L4W)
R=1"0.83% ¢ AT a11
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The  values given in Table 1-4 are then:

M = [3LW + 2H(HW) | c-10

0.834 G- J
where the appropriate tank dimensions and capacity have been inserted.

It is assumed in the calculations for Tablell—S that the tank is
uniformly insulated all around (f = 1).A Using the value of,Q given above,

Equation C-8 becomes:

o _ 304
R = (20% + 4DL) 57835 6 2Twall

or

_In2 + 2pL
R= {053t 6 | Mvana

The values given in Table 1-5 are then:

_Ip2 + 2pL ‘
M ‘[0.531 G] c-11

where the appropriate dimensions and tank capacity have been used.
The last two columns of Table 1-6 also use the multiplier given by

Equation C-11.

In the first two columns of Table 1-6 it is assumed that the tank has
only half as much insulation on -the bottom as it has on the sides and

top. - This changes the muitiplier in these columns to:

_ 302 + 4L '
M=7T06z¢ ¢-12
because iu thils case £ = 0.5 in Equation C-8.

The assumptions used in deriving the multipliers for rock bed insulation

in Table 1-7 are:

: A . : . - . o
. The daily temperature range, ATstorage’ in FEquation C-1 is 50°F.
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. The heat loss rate in Equation C-2 is 2 percent (p = 2) in 12 hours
(h = 12). » .

. The R-value of the insulétioﬁ'én.tﬁe bottom is half that on the
top and sides. '

. The void fraction is 30 percent.

Using the value of Cp for rocks with a 30-percent void fraction and the
first assumption given in Equation C-1 gives the storage capacity of the

rock bed:

§ = 24.5 By 50°F x vV
ft4°F

or

s = 1225 B8Y vy
£t2

where V is the volume of the rocks, including voids.

The second assumption and Equation C-2 then give:

i - Btu _ _ 2 1
@ = 1225 7, * VXI55 * 17 hours
or
Q=2.06 —38 4y
ft?-hour

Inserting this value and the height as given in Equation C-9 into Equation

C-6 with £ = 0.5 gives a multiplier of:

3LW + 2 (H+0.2W) (I+W)

M= 7.04 V

C-13

The values in Table 1-7 were calculated by inserting the appropriate

dimensions and volume into Equation C-13.
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APPENDIX D. DETERMINING HEAT EXCHANGER SIZE

Using a heat exchanger either -as a means of separating antifreeze
solution from the storage water or as a means of separating potable
water from nonpotable water‘requires choosing a heat exchanger of the
proper size. TFor purposes of célculating heat exchanger size there
are two main types of heat exchanger systems, double-loop and single-
loop. A double-loop system, illustrated in Figure D-1, requires two
pumps (forced convection) to maintain positive control of the flow

on both sides of the heat exchanger. A single~loop system has only
one pump and typically featuree cither a coil inside the tank or a
.coil fastened to the outside of the tank, Single-loop systems rely
on bouyancy of the heated water to maintain flow on the tank side of
the heat exchanger (natural convection). Forced convection is main-

tained on the other side of a single-loop system by a pump.

The use of a heat exchanger leads to a collection penalty, as shown
in Figure D-1. The efficiency of collection decreases with increasing
collection temperature, as shown in the curve in the lower part of the
figure. The presence of the heat exchanger increases the collection

temperature and hence produces the collection penalty.

DOUBLE-LOOP HEAT EXCHANGER SYSTEMS

De Winter first analyzed the case of a double~loop heat exchanger
system and found that if capacity rates were used in the two loop

so that:

(wcp)coll j-(‘wcp)sto D-1

where:

W is the mass flow rate,

Cp is the heat capacity,

coll is the loop through the collector, and )

sto is the loop through the storage tank, as shown in Figure D-1,
then the heat collected by the collector-heat exchanger combination was

simply reduced by the factor:
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Fp! ' 1 D-2
R, R 1
: - (WC.) €

P’coll

F is the standard collector efficiency factor of the Hottel-Whillier
flat plate collector model.

F,' is the same factor modified by the heat exchanger effect.

R
AC is the area of the collector.
Uc is the collector heat loss coefficient.

€ is the heat exchanger effectiveness,
Klein, Beckman, and Duffie extended this to systems in which Equation D-1

does not hold and determined that for this more general case:

Y 1 D-3

FR FRUcAc (wcp)coll

WCp)coll € (wcp)min

Equation D-3, which is completely general, is shown in Figure D-2. 1In
the general case, the heat exchanger effectiveness is an exponential
function of the parameters NTU = (U A )/(WC_) . and of (WC) as

: A X X p’min p’max
shown in Equations D-4a and D-4b. (Ax is the heat exchanger heat

transfer area and Ux the associated overall heat transfer coefficient.)

N

1-¢e D-4a
€ = N
‘[ 1 f (ch)min/(wcp)maxe ]
with
N = NTU [1 - (ch)min/(wcp)max] D-4b

The effectiveness increases as the heat exchanger heat transfer area
increases. This reduces the collection penalty--it increases FR'/FR,
bringing it closer to l--so that heat collection is increased. However,

increasing the heat exchanger size increases the system cost. By doing
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a computer simulation the designer can find an optimum heat exchanger

size as illustrated in Figure D-3.

For the specific case in which;:

(ch)coll= (wcp)sto D=5
de Winter found that:
F 1
FR - 1 - D=6
1+ Rcc
A
X X
since:
_ 1
€ CR) D-7
1+ p coll
UxAx

When the cost per unit area of the collector (Cc) and the cost per unit
area of the heat exchanger (Cx) are constant, de Winter further found
that if the heat transfer coefficient UX did not vary with the area AX

the optimum heat exchanger area Ax could be calculated from the equation:

1/2

According to Horel and de Winter, with a given average WCp product, the

sto
higher than its collector capacity rate (wcp)coll’ so that Equation D-1

optimum heat exchanger invariably had a storage capacity rate (WCP)

was invariably satisfied and Equation D-2 applied. For typical values
of the collector capacity rate (WCP)

' -
¢ (wcp)coll
practical purposes, Equation D-8 could still be used to find the

coll’ they found that the value of

/(wcp)sto ranged from 0.5 to 0.6 and that, for all

optimum heat exchanger area, since this was only about 1 percent

different from that found for the optimum (unmatched capacity rate) case.
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SINGLE-LOOP HEAT EXCHANGER SYSTEMS

An analysis for a single-loop system, using a traced tank or a coil in

a tank, was pefformed by Horel and de Winter. " They found that the same
heat exchanger factor determined for a double-loop system in Equation D-2
could be used.féfutﬁe single~loop system. Again the designer can
determine an optimum heat exchanger area using the methodology shown in
Figure D-3.. The main difficulty in this case lies in the fact that the
heat transfer dpefficiénts used to defermine UX are no longer straight-
forward forcedvconveCtion‘coefficients, since on the water (storage) side
there is a natural convection coefficient that is harder to determine.

This area is addressed in the next section.

_ FORCED CONVECTION IN HEAT EXCHANGERS

Using heat transfer coefficients will enable the designer to optimize
the heat transfer of a collector—toFStorage system. They also allow
easy comparison of Héat transfer fluids. Heat transfer coefficients
within the tubes and outside the tubes (i.e., shell-~side heat transfer
coefficients) as well as overall heat transfer coefficients must be used.

In the following sections, each of these coefficients is discussed.

Inside Tube Heat Transfer Coefficients

For a double-loop heat exchanger system, inside tube heat transfer
coefficients must be specified for the collector tubes and the exchanger
tubes. For a traced tank, the inside tube heat transfer coefficients

must also be determined for the helical coil.

The inside tube heat transfer coefficient is dependent upon:

Flow rate through the tube
Cross—sectional area of the tube
Temperature of operation

Properties of the fluid at the operating temperature,
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Depending on the state of the fluid (i.e., laminar, transitional, or
turbulent) different correlations must be used to determine the inside
tube heat transfer coefficients (hi). For the laminar region (Reynolds

number < 2500) the following correlation from McAdams can be used:

KC
2
by =5 b-9
, i
where: .
G'C .- G'C
_ p y1/3 p \1/3
Cy=1.75 (=2 for 1.75 ( —z£ )77 > 3.66
c'c
= - __ P l/3< A
C2 = 3.66 for 1.75 ( < ) 3.66
hi = inside tube heat transfer coefficients (Btu/hr-°F-ft?2)

= thermal conductivity.of fluid (Btu/hr-°F.ft)
Di = inside tube diameter (ft)
G' = flow rate (1lb/hr)
C_ = heat capacity of fluid (Btu/lb-°F)

= ‘tube length (ft)

Thus, in the upper lamina¥ tegion, the luside tube heat trancfer

coefficient also depends upon the tube length.

For the transitional region (2500 < Reynolds number < 7100), hi becomes:

hi (Cp u/k 10

where:

/3

0.116 (Re2/3 -125)/Re

(4
1

and

Re = Reynolds number

= G"Di/u
i = viscosily of fluid (1b/ft-hr)
G" = flow rate per tube (lb/ft2.hr)
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For the turbulent region (Re > 7100), the inside tube .heat transfer

coefficient from McAdams is for values of L/D greater than 60.

_0.023 K‘Reo"8
i D,

h

(Cp u/K)O*4 D-11

Since, in general, the transitional region should be avoided, it'was
included only to provide continuity from the laminar to the turbulént
regimes. Also note that, at the interface between transitional and
turbulent (Re = 7100) and the interface between laminar and trans-
itional (Re = 2500), the equations do not predict similar inside tube
heat transfer coefficients. For Re = 7100 there is a 1l0-percent
difference between the two equations, whereas around Re = 2500 the
error is larger. The selection of the transitional region between
Reynolds nuhbers_2500 and 7100 was completely arbitrary. It was chosen’
to minimize the errors at the two boundaries and to allow reasonable

heat transfer in the lower turbulent region,

For the traced tank system, the effect of the fluids operating in the
laminar regime is greater, since the heat transfer coefficients can
affect the helical coil efficiency. Heat exchangers operating in
laminar flow have much lower effectiveness than those operating in the

turbulent regime.

Some simple relationships between the flow rate in gallons/(minute.per

tube) and the other flow‘rates follow.

Q=QN
q = 0.1247 G'
n pN
¢ =
D_Nm
i
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where:

Q = total system flow rate (gallons/minute)
N = total number of tﬁbes.

Qn = flow rate per tube (gallons/minute)
p = density of the fluid (1b/ft3)

Shell-Side Heat Transfer Coefficient

The shell-side heat transfer coefficient within the heat exchanger (ho)
was determined for those fluids studied. ho is a function of:

Shell entrance flow rate

Temperature of operation

Fluid properties at the operating tempefature

. Characteristics of the heat exchanger

(1) Tube pitch

(2) Baffle spacing

(3) Outer tube diameter

(4) Number of tube rows.

A correlation was found from Kreider and Kreith.

_ , 0.6 ,0.33
h, = 0.33 Re (€, w/K) K/D,

Re' = Reynolds number through minimum cross-sectional area of
heat exchanger

Gmax = flow rate through the minimum cross-sectional area of the

heat exchanger (1b/ft2.hr)
ﬂ
s

A. (N _ +1)
min row

= total shell flow rate (1b/hr)

i = total shell flow rate (gal/min)
= 0.1247 G_/o
Amin = minimum cross—-sectional area (ft2)
- Sbafsmin
Sbaf = baffle spacing (ft)
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S_. = tube spacing (ft)
min
= (pitch -1) D,
Pitch = equilateral triahgular pitch
= 1.25
N ,w = number of tube rows across diameter of shell. This is a

conservative estimate of the number of tube openings

available for the fluid to flow through.

Figure D-4 shows the exchanger characteristics more clearly,

Overall Heat Transfer Coefficient

The overall heat transfer coefficient of a heat exchanger (Ux) can be

determined from the following equation by Kays and London.

U =71 1 D > D p-13
x L L Dy L Py

n tn tDon Toh T Rwall

(0] SO 1 1 1 18

where:
= ghell side scaling coefficient (Btu/hr-£ft2-°F)
S0
is = inside tube scaling coefficient (Btu/hr-ft2-°F)
Riall = tube wall heat transfer resistance (hr-ft2:-°F/Btu)
DO D0
=72x__ "D,
tex 1
K = thermal conductivity of the tube wall (Btu/hr-ft-.°F)

tex

The scaling coefficients can be assumed constant for nearly all fluids
and tube sizes and equal to 100 Btu/hr.ft2.°F. If the water is very
hard (over 15 grains/gallon), a scaling coefficient of 330 Btu/hr-ft2.°F
can be specified. The reciprocal of the scaling coefficient, known as
the fouling factor, is frequently specified instead of the scaling
coefficient. Normally, scaling coefficients decrease with time if
maintenance is not periodically performed because of increased scaling
deposits on the inner and outer tube walls. This can reduce the per-
formance of the heat exchanger and increase the possibility of

corrosion.
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Since the wall resistance for copper tubiﬁg within the heat exchanger
is generally negligible, the equation for the overall heat transfer

coefficient cannot be reduced further.

NATURAL CONVECTION IN TANKS WITH INTERNAL COILS OR IN TRACED TANKS

One difficulty with coils in tanks or with traced tanks involves the -
natural convection heat transfer coefficient on the tank side. Forced
convection heat transfer coefficients are normally determined entirely
by the flow conditions. Natural convection coefficients, however, are
determined by the geometry of the heating (or cooling) surface, by the
temperature difference between the surface and the fluid, and by the

fluid properties.

Natural Convection Equations

The conduction problem between the inside tank wall and the fluid in
the tubes is analogous to that obtained in a flat plate collector
with the tubes bonded below the plate. The heat transfer rate is given
by the product of inside water film coefficient ht’ inside tank heat
transfer area At’ Ft’ and fluid to water temperature difference.
According to Duffie and Beckman:
1
t Bh Bh B
+ +

i Dohi Cbond Do + (B - D0 ) F

B = spacing between tubes (ft)‘

= outside diameter of the coil tube (ft)

o
hi = heat transfer coefficient of fluid circulating through
the coil (Btu/hr.ft?-°F)
o 4Twallkwall °
Cb01d = conductance of tank to coil bond ¥ ———=—— — (Btu/hr-£ft- °F)
b o

This value of the bond conductance was determined by de Winter.
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T,a11 = thickness of tankhwall (ft)

kwall = conductivity of tank wall (Btu/hr«ft.°F)

o]
]

fin efficiency of tank wall between the tubes, for heat --

losses to the water.

Figure D-5 shows the relationship among the parameters of the traced.

tank.

The natural convection coefficients are given by McAdams. Equations
7-4a and 7-4b in his book pertaining to vertical plates are reproduced
here as Equations D-17 and D-20. Equation 7-6a in his book pertaining
to horizontal cylinders can be replaced with Equétion D-20 if the tube
.diameter:is replaced by a "flow length" L equal to half the tube

perimeter:

=

L=Tr§"o' . D-15
For the turbulent regime, defined by

10° < ( KL3AT ) < 1012, D-16

the heat transfer coefficient is given by McAdams's Equation 7-4a for

vertical plates:

-Eﬁi = 0.13( ku3ar )Y/3 D-17
or, in a simplified form,
h, = 0.13kK%/3AT1/3 = aa1/3, D-18
For the laminar regime, defined by
104 < ( KL3AT ) < 10%, ' n-19
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the heat transfer coefficient for both vertical plates and horizontal

tubes is given by

h L

—ﬁ— - 0.59( kL3ar )14 D-20
or, in simplified form,
o 1/4, AT \1/4 _ AT (1/4
ht = 0.59kK ( T ) Al( T ) . D-21

It should be noted that tubes are almost certain to stay in the laminar
natural convection regime in solar applications unless the tank is

stirred up.
In the above equations:

L is the natural convection flow length along the surface (ft) for
vertical plates and vertical tubes, and L must be calculated from
Equation D-15 for horizontal tubes.

D is the outside diameter of the tube (ft)
02 Cp u
K = 8 B8 ( - ) See Table D-1.

K
w2

B is the fluid thermal expénsion coefficient (ft3/ft3:°F).

AT is the temperature difference between the wall and the fluid (°F).

h_ is the natural convection heat transfer coefficient (Btu/hr-ft2-°F).
p is the fluid density (1b/ft3).

g is the acceleration of gravity = 4.17 x 108 ft/hr2.

C_ is the heat capacity (Btu/lb-°F).

is the viscosity of the fluid (1b/hr-ft).

k is the thermal conductivity of the fluid (Btu/hr.ft.°F).

The values of K, of k, and of Ai and A1 used in Equations D-18 and
D-21 are given in Table D-1 for water as a function of temperature

T in degrees Fahrenheit.

D15



Table D-1. Convection Factors for Water

T K k A, A

i 1

60 .337 x 10° ° 0.338 30.58 27.02
80 .557 x 10° 0.351 37.54 - 31.81
100 .959 x 10% 0.363 46.54 37.69
120 1.453 x 10° 0.372 54.77 42.85
140 2.189 x 109 0.379 63.97 48.37
160 2.785 x 107 0.385 70.42 52.18
180 3.660 x

109 0.390 78.13 " 56.60

Recommended Iteration Procedure

Since the natural convection heat transfer coefficient is a function
of the temperature difference, it is necessary to iterate to determine
the final heat transfer situation. The recommended scheme below will

lead to convergence to within about 1 percent within 4 or 5 iterations.

(1) Calculate the heat transfer coefficient hi on the forced
convection side (usually Equation D-11, Lut possoibly
Equnation D-9 or D-10). _

-(2) Assume a natural convection heai. Lraunafer coocfficient
ht of 100 Btu/hr-ft2:-°F to start the calculutlun proeccooc.

(3) Calculate U_ = h_ F_, based on h,, h_, and the conduction
X t i’ 't

t)
geometry.
(4) Calculate NTU = UxAt.
wC
P
-(5) Calculate the effectiveness for the coil or traced tank
- -NTU
frome =1 - e .

(6) Calculate FRi / Fp- (Use Equatlon D-2, D-3, or D-f.)

(7) Calculate the collected heat Q from the collector performance
map.

(8) With Q and ht and the natural convection area, calculate

ATavg B htA'

(9) Calculate the natural convection heat transfer coefficient
ht obtained with this temperature difference. (Use Equation D-20
or D-21.)
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(10) Go back to Step 3 and go through the calculations until the

numbers in successive iterations no longer change appreciably,

It should be noted that this calculation applies to two types of systems:

. The case in which an antifreeze loop heats a traced storage
tank or a storage tank with a coil. This involves water being
heated by natural convection.

. The case in which a domestic water line is being heated by a
storage tank with a coil or by a traced storage tank, This

involves water being cooled by natural convection.
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APPENDIX E. SAMPLE SPECIFICATIONS FOR HEAT EXCHANGERS

In this appendiz, comments and other material that is not a part
of the sample specifications are written in italics.

1.0

2.0

3.0

WORK INCLUDED (Provide)

1.1 All materials, parts, and work related to heat exchangers
as indicated on drawings or specified herein.

1.2 Heat exchanger accessories such as bleed valves, supports,
pressure-relief valves, etc.

1.3a Heat exchangers used to heat watcr for thermal energy
storage.

1.3b Heat exchangers used to heat potable water.

Choose item 1.3a or 1.3b as appropriate to your system.
In some cases both 1.3a and 1.3b will be required.

1.4 Heat exchangers designed to operate at temperatures
between 35°F and 300°F.

RELATED WORK

2.1 Cast-in-place concrete.

2.2 Anchor bolts.

2.3 Piping and pipe connections.
2.4 Tanks.

2.5 Pumps.

DETAILS

3.1 All details shall be in accordance with the ASME Code,
American Water Works Association, TEMA Standards, etc.,
as applicable to heat exchangers.

3.2 Contractor shall be responsible for all dimensions and
shall check structural drawings in relation with other
work and existing field co