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Preface
 

The exploitation of solar-derived energy is as old as 

et. 

life on this plan-
Animals and vegetation adapt their lives, forms and movement to the
sun. Animals lie in the sun, shade, 
or hide in sheltered spots.
 

Plants turn toward or away from direct sunlight. Flowers adjust theirpetals so as to focus sunlight to their interior surfaces where pollenis. The warmth generaLed theLe attractsthen insects necessary for pol
lination.
 

The efforts of humans to produce an interaction between buildings andlocal conditions for space comfort are not new. 
At least three thousand years ago, mankind constructed shelters 
so as to collect, store, transmi, divert, or isolate solar energy with respect to his habitat.
 

Passive .dlesigns and maLerials create comfortable buildings where physi
cal o mechanical etfort is minimized.
 

The uoe or modern iechanical/electrical components in solar energy sys
tems is referred to as "active" exploitation of solar energy.
 

The sun's eiiergy has been harnessed not only for space conditioning butPower
also pi. production or useful work. 
 An American engineer, F.
Shuman. developed solar-driven hydraulic pumps, jointly with C.V. Boys
in 9J9 This development resulted in 
the construction of a 50 hp solar
enginu 'or pumping irrigation water from the Nile River near Cairo. 

The Government of Egypt, with the assistance of the United States Agencyfor International Development (USAID Mission, Cairo, Egypt), 
is undertaking a program to adjust internal energy prices to levels more in line
with free market values, decrease the use of fossil fuels as 
an energy
source, and minimize environmental impact due to energy consumption.
 

This document is intended as 
an "easy to read" notebook of solar energy

use in space conditioning and domestic hot water heating.
 

The electrical, mechanical, structural and thermodynamic principles of
solar energy engineering are 
well understood. Their 
translation into
practice can be realized more easily today than few years ago becauseof the accelerated development of materials and fabrication processes.
 

This notebook is intended to serve as 
a broad background resource, and
the reader is referred to the extensive index for additional informa
tion.
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INTRODUCIcN 

This Active and Passive Solar Technology Reference Notebook is intended 
to give an overview of the development of building active and passive 
heating and cooling teclnologies. 
The following major application areas
 
have been developed in this notebook; active heating, active cooling, 
passive heating, passive coolinq, and domestic hot water heating. 

The nain theme in the notebook is the detailed description of the 
various options available for building climatization. It is intended to
 
be a s;ource of technical as well as practical information for users with
 
mixed technical background. 

There are no prerequisities for using this notebook, as it is written in
 
a nonLechnical style. However, users with technical backgrounds will 
Liiiu -. the text and in the appendices a wealth of useful technical 
information. 

The climatic conditions in Fgypt have had an important impact on the 
subject treatment presented. The sections dealing with 
active and
 
passive cooling hae recieved particular attention to 
ensure they will
 
meet the needs of the Egyptian reader.
 

The develoment of sections dealing with cooling applications has been 
limited by the comparatively small 
amount 
of technical information
 
available in the U.S. 
 The passive solar field is much more developed in 
terms of heating applications 
rather than cooling. Nevertheless, the
 
reader will find a fairly strong and integrated treatment of building 
climatization.
 

This notebook 
has nine separate sections and seven appendices. The
 
first technical section (Section 2) presents an overview of the theory
and fundamentals governing solar applications. Section 3 focuses on 
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passive climatization 
systems and is followed by sections on active
 
heating systems and active cooling systems. Section 6 discusses the
 
usage of solar domestic hot water systems. 
 Section 7 identifies design

consideratircns for active systems. Section 8 summarizes the research 
and develolPiment status of all the technologies and assesses their future 
prospects. 
 Section Q discusses the special conditions in Egypt. The
 
appendices include a detailed solar visit book, conversion factors and 
properties of niaterials. 
 Also included in appendices are sunpath dia
grains, a discussion of space conditioning and human comfort, a list of 
U.S. equipment manufacturers, and identification of system implementa
tion and operation issues.
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2.1 

2. SYSqTYI FUNrAMENTALS AND DEFINITIONS 

Solar Radiation Fundamentals
 

2.1.1 Availability
 

The source of solar energy is the sun, a gaseous star composed of 
approximately 80O% hydrogen and 18% 
helium on a mass basis. The sun is a
 
13.9 x105 km diameter sphere which is composed of layers of progres
sively hotter gases. The outermost layer, from which energy is radi
ated, has an equivalent black body temperature of 5760'K. The rate of
 

energy emission from tho sun is 3.8x102 kW, resulting from the con
version of 4.3xI0" kgis of mass to energy. Of this total, only l.7x1014 

kW is intercepted by the earth which is located 150 million km away. 

2.1.1.1 Solar Constant
 

The aveage amount of solar radiation released into space, near the 
earth, is 1,353 kW/m . Since the sun-earth orbit is elliptical, the 
sun earth dicance varies by +1.7 percent during the year. As a result 

the ext raterrestrial incident radiation also varies slightly by a simi
lar amount throughout the year. For engineering purposes, the extrater

restrial flux is taken to be constant and is called 
the solar constant.
 

Exhibits 2-la and 2-1b illustrates the monthly variation of extraterres

trial radiation.
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Date Radius vecocr 
Ratio cf flux 

to solar constant 
Solar radiation 

(kWM;) 

Jan. 1 0.9922 1.034 1.399 
Feb. 1 0.9953 1.030 1.394 

far. 0.99 J8 1.019 1.379 
Apr. 1 0.9993 1.001 1.354 
May 1 1.0076 0.985 1.333 
!une 1 1.0141 0.972 1.312 
July 1 1.0167 0.967 1.308 
Aug. 1 1.0149 0.971 1.312 
Sep. 1 1.0092 0.982 1.329 
Oct. 1 1,0011 0.998 1.350 
Nov. 1 0.9925 1.015 1.373 
Dec. 1 0.9960 1,029 1.392 

"Ratio of sun-earth dzstincu Co ncan sun-atth distance. 

EXHIBIT 2-la 
Annual Va:-iation of Solar Incident Extraterrestrial Radia

tion From Orbital Eccentricity (KRE-l)
 

1.04 

C 
1.02 

~0C 
- 8 1.00 

S 0.98 
xw 

0.96 
J F M A M Jj A S 0 N D 

Month 

EXHIBIT 2-lb Effect of Time of Year on Ratio of 
Incident Extraterres

trial Radiation to Nominal Solar Constant (KRE-l)
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2.1.1.2 Spectral Distribution
 

The solar constant represents the total energy emitted by the 
sun over
 
the entire spectrum of wavelengths. Most of the extraterrestrial solar
 
radiation is distributed on wavelengths between 0.2 and 2.6 
microns
 

- '
(One micron equals 10 3 meters). "Light" or "visible radiation" is the
 
band reoresented by wavelengths between 0.35 and 0.75 microns. 
Infrared 
occupies a band between 0.75 and 100 microns, while ultraviolet occupies 
the band below 0.35 microns. Although solar radiation covers a fairly 
wide band of wavelengths, (as seen in Exhibit 2-2), 
the peak intensity
 
occurs in the band of visible light.
 

2.1.2 Extraterrestrial Radiation and Atmospheric Effects
 

Solar radiation is considerably altered in passage through the
its 
earth's atmosphere. The two principal mechanisms for this alteration 
are absorption and scattering. Exhibit 2-3 illustrates the atmosphere's 
effect on extraterrestrial radiation transmittance. As a result of at
mospheric effects, radiation striking the earth's surface is either beam
 
(or direct) or Beam direct is
diffuse. or 
 radiation the components
 
which strikes the surface as 
parallel rays. Beam or direct radiation is
 
not scattered, absorbed, or reflected as it travels through the earth's
 
atmosphere. Diffuse radiation arrives at 
the surface from a number of
 
different directions. By measuring the amount of atmospheric scattering
 
and absorption, one can estimate the intensity and arrival angle of the
 
beam component of extraterrestrial radiation incident at a location.
 

2.1.2.1 Absorption by the Atmosphere
 

There are several atmospheric constituents that absorb a fraction of the
 
incoming solar radiation. One primary absorber is ozone, which absorbs
 
nearly all the ultraviolet portion of the spectrum. The other primary
 
absorber is water vapor, which absorbs radiation in specific wavelength
 
bands in the infrared region. 
In addition to the two primary absorbers,
 
carbon dioxide, oxygen, other gases and particulates, absorb smaller 
amounts of incoming solar radiation.
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2.1.2.2 Reflection and Scattering
 

When solar radiation strikes the earth's atmosphere, a portion is imme

diately reflected back into space. The atmospheric constituents
 

primarily rt-sponsible arc gas molecules, particulates, and water drop

lets. The scattering is mostly uniform in direction; however, it is
 

strongly wavelength dependent and primarily affects short wavelengths.
 

2.1.3 Solar Radiation Geometry
 

Most solar collectors are fixed or move with only limited freedom. Thus
 

they do not face the sun directly at all times. As a Lesult, calcula
tion of the beam component of incident extraterrestrial radiation is 
insufficient; more information is needed to estimate the 
fraction of
 

energy intercepted by the collector.
 

For the purpose of undeLStanding the relationship of the sun's energy
 

incident on the collector to that incident on the earth, the analysis of
 

the sun's motion can be simplified if the Ptolemaic view of the earth as
 

the center of the universe is employed. (KRE-l) Based on this view,
 
the eacrth is fixed in space and the sun's virtual motion is assumed to
 

take place in a coordinate system based on the earth as its origin.
 

2.1.3.1 Altitude, Zenith, and Azimuth Angles
 

In the Ptolemaic view, the sun can move with two degrees of freedom with
 

respect to the earth. Thus the position of the sun by an earth-based
 

observer can be described by two parameters: the altitude angle and the
 
azimuth angle. As illustrated in Exhibit 2-4, the altitude angle is
 
measuied between a line colinear with the sun's rays and the horizontal
 

plane. The point directly overhead of an observer is called the zenith.
 

The angle between the zenith and the line of sight to the sun is called
 

the zenith angle. This angle is the complement of the altitude angle.
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The aziruth angle is measured in the horizontal plane between a line
 

drawn due south and the projection of the site-to-sun line on the hori

zontal plane. The sign convention used is positive east of south and
 

negative west of south. The altitude angle and azimuth angle depend on
 

the latiltude, declination, and hour angles which are descrilod in the
 

following section.
 

2.1.3.2 Latitude
 

The latitude is the angular distance separating a site from the equator.
 

The latitude is ccnsidered positive, north of the equator and negative,
 

south of it. Latitude as an angular distance is illustrated in Exhibit
 

2-5.
 

2.1.3.3 Declination
 

The solar declination is the angular position of the sun at solar noon
 
with respect to the plane of the equator. In other words, the declina
tion has the same value as the latitude at which the sun is directly
 

overhead at noon on a given day. Declinations north of the equator are
 
positive; declinations south of the equator are negative. (This is
 

illustrated in Exhibit 2-5.)
 

2.1.3.4 Hour Angle
 

The hour angle is the angular displacement of the sun east or west of
 

the lccal meridian due to rotation of the earth on its a.is. 
 Morning
 
hours are negative; afternoon hours are positive. (This is illustrated
 

in Exhibit 2-5.)
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EXHIBIT 2-4 Diaqram showing Solar Altitude angle, o<; Solar Azimuth 

angle, a,; and Zenith angle, a. (KRE-l) 
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2.2 Passive Technology damentals
 

2.2.1 Introduction
 

In contrast to a typical active solar system which is identified by
 

solar collectors, piping, pumps, and heat exchangers, passive solar
 

systems are not so easily characterized. The term "passive" is used to
 

describe an alternative approach of building design which emphasizes
 

simple Lechnology and the use of on-site energy available from the 

surrounding environment. in the the recent past, buildings have been 

designed with no regard for thie effect of the local climate; massive 

central space conditioning systems would regulate the interior environ

ment of the building, consuming large amounts of conventional energy in
 

the process.
 

Passive solar designs utilize architectural components in combination
 
with on-site energy to produce a comfortable living environment, whether
 

in the winter or sunmer. The building materials serve dual purposes. A
 

wall serves as structural support as well as a thermal storage device.
 

A window collects solar energy as well as provides lighting. Every
 

structure collects some portion of the sunlight striking it; building
 

materials, colors, the building's orientation to the sun and floor plan
 

further influence a building's capability to capture incident energy. A
 

properly designed structure will take full advantage of this collection
 

process and supplement it with heat storage, natural ventilation, and
 

summer cooling capabilities.
 

2.2.2 Passive Design Classification
 

The terms direct, indirect, and isolated are often used to describe ap

proaches to designing and building passive structures. Depending on the
 

building's location, climate, and comfort needs, more than one approach
 

may be combined for maximum efficiency and aesthetics. Another class

ification scheme defines passive designs according to physcial configu

ration. These categories are direct gain, indirect gain, and isolated
 

gain.
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2.2.3 Basic Passive Designs
 

2.2.3.1 Direct Gain
 

In 
a direct heating design, the simplest of all solar heating systems,
 
solar radiation is admitted directly into a living space, via windows,
 
where 
it is absorbed and converted to heat in floors or walls which
 
serve as thermal mass. 
 At night, stoled heat is transferred from the
 
warm mass surface to the cooler living space. 
 During the summer, shad
ing devires are utilized to reduce Lu-wanted solar heat gain. Night
 
ventilation and other natural ventilatijn techniques employed
are to
 
maintain building comfort. Exhibit 2-6 illustrates a simplified direct
 
gain building.
 

2.2.3.2 Indirect Gain
 

With the indirect gain approach, sunlight strikes a surface befcre it
 
enters the interior living space. 
 Heat is first absorbed by the surface
 
(usually concrete, masonry, 
or water) which is positioned directly be
hind south-facing glass. 
 Later in the day, energy is then released to
 
the 
room by radiation, convection, and conduction. 
Moveable insulation
 
between the mass and the double-panel glazing may be used 
to reduce
 
nighttime heat loss through the glass.
 

In the cooling season, the thermal mass provides a thermal lag effect.
 
Summe, solar gain does not affect the building's interior climate until
 
later in the day when it might be needed. As in direct gain systems,
 
natural ventilation is important in order to provide additional cooling.
 
Exhibit 2-7 is an illustration of a thermal wall design, a typical 
in
direct gain design.
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EXHIBIT 2-6 Sriplifiedl Direct-Gain Passive Design (PAS-2) 
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2.2.3.3 isolated Gain 

In an isolated heating system, solar heat is collected and stored in an
 

area set apart from the living space. This collection space is ther

mally isolated from the rest of the building. Its temperature is al

lowed to swing from as low as 40"F to 100 F (4.4 0 C to 37.8°C). There

fore, this area is not considered "conditioned" space; it is not heated 
with a conventional furnace or cooled with a conventional air condi

tioner. Because the main livinq area is not directly exposed to the
 

sun, the amount of he;at it receives can be more closely controlled with
 

this type of system than with other system approaches. Exhibit 2-8 

illustrates a sunsp &e, a typical isolated gain design.
 

2.2.4 Passive System Components
 

Basic passive systems aLe comprised of five mutually dependent basic
 

components: collector, absorber, storage, distribution and control.
 

2.2.4.1 Solar Collector
 

A passive solar collector is usually a transparent or translucent glaz

ing sealed in a frame and located on the south side of the building 

(Northern lHemisphere). The collector glazing surface can be positioned 

vertically, as in windows, or sloped, if installed on the roof. 

2.2.4.2 Absorber
 

The absorber is a solid surface, usually dark colored, that is exposed 

to direct and diffuse solar radiation entering through the collector 

glazing. The absorber "converts" the incident solar radiation into heat 
which is either delivered directly into the living space for immmediate 

use or stored in a "storage" component. 
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EXHIBIT 2-8 Diagram of Isolated Gain Sunspace (PAS)
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2.2.4.3 Storage Component
 

Thermal storage is typically composed of one or more materials which 
have the capacity to retain energy for a period of hours. The density,
 

heat capacity, and thickness )r surface area are all important measures
 

of its capacity to store heat. The slow rate of energy discharge from
 

the storage materials helps maintain a steady, comfortable temperature 
within the space. in some cases, the storage materials can be used to 

cool the living space by absorbing heat from the room and effectively 

cooling it, ot by pinviding a thermal lag effect. The absorber and 

storage component are often one and the same, as in a masonry floor or 

wall.
 

2.2.4.4 Distribution
 

The distribution system delivers the collected and/or stored heat or 

cooled air into the conditioned space. Distribution can be by natural
 

means, such as the radiation of heat from a wall or the movement of air
 

by natural cornvection or can be assisted by small pumps or fans which 

blow heat away from the absorber to the living spaces or to :emote stor

age. Mechanical equipment such as pumps of fans may be used for more 

efficient operation in passive systems.
 

2.2.4.5 Control Components
 

Control components regulate the heat loss/gain into and out of the pas
sive system. Examples oC control devices are as follows:
 

(1) 	 Shading devices: They reduce the amount of solar radiation allowed 
to enter into the conditioned space. 

(2) Reflectors: The increase the amount of solar radiation incident on
 
the collector glazing.
 

(3) Moveable insulation: It reduces the heat loss/gain through the
 
collector glazing.
 

R628/10.de 	 2-16
 

http:R628/10.de


(4) Louvers, doors or duct vanes: 
 They alter the amount and direction
 
of air movement into and out of tOe building and distribution sys
tems.
 

2.2.5 H1un'.an C imfort 

The question of comfort depends prima-ily on the maintenance of a ther

mal environment in which the body can lose heat at a rate equal to its 
heat production without the need to perspire or provide heat such that 

the body does not have to shiver to keep warm (MAZ). The human body 
uses three basic mechanisms to maintain comfort: convection, evapora
tion/respiration, and radiation. Factors affecting comfort are air 
"emperature, humidity, aii speed, and mean radiant temperature. (PAS-4)
 

Mean radiant temperature (MIRT) is the temperature that the surfaces of 
an imaginary black enclosure (equal in size and shape to the actual room 
involved) would be requiLed to have if the surfaces were to exchange 
with a person an amount of heat (by radiation) equal to the amount of 
energy that the person is actually exchanging with all of the surfaces 
of the room he o. she is in. It is, in effect, the average temperature 

of all the surrounding surfaces (walls, ceiling, flooL). Different 
combination.s of imrT and air temperature can produce the same comfort 

sensation. A 1°F change in MRT is normally assumed to have a 40% 

greater effect on body heat loss than 1"F change in air temperature. 
Or, for the same feeling of comfort at 70OF (21.1°C), the air tempera
ture can be reduced 1.40 F for each 1°F increase in MRT. The following 
pairs of combined numbers (in degrees C) produce the equivalent sensa
tion o. 21.1" C (70 0 F): (PAS-4). 

Air temperature 9.4 1.3 17 21 25 29 33
 

MRT 29 27 24 21 15 16 13
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2.3 

For example, the last pair of numbers indicates that if the air tempera
ture is 33°C and the MRT of the surrounding surfaces is 13'C, the com
fort sensation or feeling experienced by most lightly-clad occupants
 
will be similar to the sensation they would experience in a room with an
 

air and wail surface tempeLature of 21i'C.
 

This can have important design implications. For example, the better a
 
wall is insulated, the higher its interior surface temperature will be
 

during cold weather. This warmer surface temperature allows interior 
air temperatures to remain lower and still provide sufficient comfort; 
in turn, heat loss to the outside is reduced because of the smaller 
difference betweeni indoor and outdoor air temperatures. Lower heat loss 
reduces the size of the conventional heating system required. 

Exhibit 2-9 is a chart showing temperature and humidity ranges for com
fort, For additional information on determining criteria for conditions
 

for human comfort, consult (ASH-i), "Psychological Principles, Comfort 

and Health".
 

The effect of MRT is crucial for providing comfort in passive solar 
design because may passive systems relay on warm (or cool) surfaces to 

exchange energy with the air.
 

Active 'TecLnoloq Fundamentals 

2.3.1 Operating Principles
 

Passive designs permit or probibit the entry of direct solar or solar
 

derived energy into buildings by use of large windows, selective site 
orientation, stationary thick walls, etc. The flow of heat. or the cool

ing process, as a result of careful building design, occurs spontane

ously, either by conduction, convection, radiation or evaporation.
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Active space conditioning and/or liquid heating systems require special
 
equipment for collecting solar energy, processing it as heat or cold,
 

storage, and distribution to the end use. The heat or cooling flow is
 
entirely forced, by either fans or pumps.
 

The key components are a solar collector, a heat storage device, 
an
 
auxiliary heat source, and facilities for the distribution of heat to
 
the building, process, or domestic water system.
 

Active cooling systems require a heat-operated air conditioning (cool
ing) unit. The solar collector must be of different design because
 
heat-operated cooling (chillers) requires higher temperatures than 
are
 

available from flat plate solar collectors.
 

An auxiliary source of heat is required to supply backup heat when the 
solar collectL/tnek:rnal storage subsystem 
is unable to meet heating
 
demands. Although the solar collector and storage unit could be sized 
large enough to meet tie full heat requirements throughout a year, the
 

overall cost is generally prohibitive.
 

Simplified active solar systems are illustrated in Exhibit 2-10 A and B.
 

2.3.2 System Components
 

2.3.2.1 Solar Collectors
 

A solar collector is a device used to convert incident solar radiation
 
to heat energy which is captured in either a gas or a liquid. There are
 

two principal types of solar collectors: flat plate and concentrating
 
(non-focusina and focusing). Each has its own advantages and disadvant

ages. Choice is based on application, complexity, overall benefit, and
 

economics.
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2.3.2.2 Flat Plate Solar Collectors
 

Introduction:
 

A flat plate collector in its simplest form consists of a flat metallic
 
absorption plate which is orienced in space so that the sun's rays im
pinge as perpendicularly as is feasible. The surface is either black
ened or coated with a selectively absorbing surface in order to absorb 

(capture) the incident electromagnetic (sunlight) energy and to convert
 
it to heat. (See Exhibits 2-i and 2-12). In Exhibit 2-12, the
 

absorption plate may be used 
as an air collector, with the air to be
 
heated flowing over the top of the absorber plate. If intended for use
 
in heatina a liquid, the water may flow over 
the surface of the absorber
 
plate or through tubes which are in immediate contact with the absorber
 

plate as shown in Exhibits 2-11 through 2-14.
 

In a "liquid-tube" system, a fluid flows through pipes attached to the 
flat absorber. 
 The heat energy in the absorber is transferred to the
 
liquid which, in turn, is delivered to some other point in a system 
where the heat is extracted for intermediate storage for eventual end
use 
(space heating, domestic hot water, etc.). Heat-transport systems
 
(from absorber plate to the liquid containing passages) are shown in 

Exhibits 2-13 and 2-14.
 

The liquid need not 
flow through metal tubes attached to the absorber
 
plate. Cool water may be allowed to escape from a series of small holes
 

in a pipe (header) at the top and trickle over the absorber surface, 
becoming warm on its way down, to a collecting trough or gutter, thence
 
into a pipe. This concept is illustrated in Exhibit 2-15.
 

Gas (Air)
 

In a gas (air) collector, the air passes between a confined space over
 

the absorber plate and underneath a glass or clear plastic cover. The
 
air is heated as it flows from the bottom to the top as illustrated in 

Exhibit 2-16,
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EXHIBIT 2-11 Cross section view of conducting tubes which are in direct
 
contact with the absorber
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EXHIBIT 2-12 Cross section 
view of Flat Plate Collector for Air or
 

Liquid Applications
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SILICONE RUBBER PADS 
10 ISOLATE ,.BSORBER PLATE 

FROM FRAME 

TWO COVER GLASSES 
GLASS SEAL 

ABSORBER PLATEWITH CCPPER TUBES TO FRAME 

SELECTrVE SURFACE 

MOUNTING 
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PLUMBING FITTING 

EXHIBIT 2-14 Solar Collector with Two Covers
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EXHIBIT 2-15 "Trickle Down" Liquid Collector 
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Warmed air output
 

OE AI OCCLE = ^L7-OF cool air intake 

EXHIBIT 2-16 Cut-away view (cover plate removed) of an air collector 

warming air. 

R628/l0 .de 2-27
 



Collector Design and Construction
 

A critical element in a solar heating and cooling system (SHAC) is the 
collector. The above comment is very general nature; as onein cannot 
distribute or use heat that has not been collected.
 

Collector Mounting
 

Installation of solar collectors on a building requires special mounting
 

arranqements. Collectors are usually 
attached directly onto a sloped
 
roof or on a separate structure onto a flat roof. In both cases, the
 

attachments and mounting structures should be designed to carry the 
maximum dead ]oad and any supporting structure. In addition, mounting 
devices have to support any live loads, including wind, rain, hail, and 

snow. 
 These live loads are determined from historical climatic data of 

the region.
 

Ttiere are many methods that can be used to mount collectors on sloped 
and flat roofs. Exhibit 2-17 illustrates a method for installing free 

standing collectors onto a flat roof. This design uses "pitch pocket" 

penetration through the roof membrane and attachments to structural 
members beneath the roof. No more than one vertical support should be
 
used p(er pocket. This design requires continuous maintenance and 
replenishment of pitch to preserve a leak-proof roof. 
Other methods for
 
flat-roof mounting include curb mounting, in which the collectors are 
3ttached to concrete curbs that 
are integral parts of the roof.
 

On sloping roofs, solar collectors can be attached directly the
to 
subroof and structural components beneath it. The collector can then be 

flashed onto the roof as an integral part of the roof. A disadvantage 

of this approach is, if collector replacement is ever required, signifi
cant extra costs for roof replacement will be incurred. An additonal 
method is to locate collectors above the roof surface on 
spacers; thus,
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Galvanized pipe 

Roofing cement 
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roofing counter flashig 
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EXHIBIT 2-17 Example collector mounting detail in the pitch pocket
 

approach for a flat, wooden residential roof. (KRE)
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the collector is not part of the roof. This method permits rapid place

ment of collector; however, roof repair or replacement is difficult,
 

sometimes requiring collector removal.
 

Heat Transfer
 

A solar heating and cooling system (SHAC) operates on the transport of 

heat from one place to another. If cooling is desired, heat must be 

transferred from the volume to be cooled. If heating is desired, heat
 

must be transferred to the volume to be heated.
 

There are three mechanisms that are employed in transfer of heat. They 

are conduction, convection, and radiation. 

Thermal Conductivi ty 

The mechani',m of thermal conduction in gases is explained qualitatively 

by kinetic energy. The physcial mechanisms of conduction in liquids is 
qualitatively similar even through the mechanism is more complex.
 

All molecules, whether in a gaseous, liquid, or solid state are in mo

tion. Molecular velocities are a function of temperature. Their 

velocities will be a measure of the kinetic energy of the indiviC, al 

molecules. The average velocity, hence kinetic energy, of a group of 

molecules may be hiah or low. 

Because molecular motions are random, collisions between the molecules 
will occur. As the molecules collide a transfer of kinetic energy from
 

the one with higher kinetic energy to the one with the lower kinetic 

energy occ irs. 

Consider a mass of gas, say air, in a long horizontal pipe. At one end, 

the gas is first heated and the source of heat is removed. The kinetic
 

energy of those molecules at that end is increased. The molecules at 

the high temperature end of the pipe have a high kinetic energy. These
 

higher kinetic energy molecules will collide with adjacent molecules and
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transfer some of their kinetic energy 
to the adjacent molecules with
 
lower kinetic energy. The observed temperature of the second group of
 
molecules (those 
with lower kinetic energy) will also rise. As the
 
molecules of 
the second "group" move randomly, they will collide 
with
 
molecules further down the 
pipe, transferring 
some of their kinetic
 
energy to those molecules. Thus, 
the upstream molecules lose kinetic
 
energy and the down stream molecules gain kinetic energy. 
This process
 
continues along the 
length of the pipe with kinetic energy transferring
 
from molecules of higher kinetic energy to 
those with less kinetic
 
energy. Eventually, all of the gas molecules will have nearly the 
same
 
velocity and temperatures 
will have essentially 
the same "average"
 
value. This 
process represents the fundamental mechanism of conduc

tion.
 

If heat is applied continuously to end of
one the pipe, while heat is
 
removed 
at the same rate 
at the other end, a continuous transfer of
 
kinetic energy from one 
end of the pipe 
to the other end will occur.
 
Heat energy introduced at one end of the 
pipe will be captured at the
 
other. The molecules of gas do not, in the classic case, travel through
 
the pipe. 
 They more or less 
stay where they are transferring kinetic
 
energy through the collision process. 
 This energy transfer process is
 
referred to as conduction.
 

If the pipe is placed in a vertical position and if 
the bottom end of
 
the pi oe 
is heated, the kinetic energy of gas molecules at the bottom
 
will in:rease and will 
through the collision process, transfer some of
 
their k.netic energy to those 
molecules immediately above which have
 
lower kinetic energy. Again the 
molecular collision/kinetic energy
 
process can 
continue up through the pipe until all gas molecules are at
 

the same temperature.
 

Because the pipe is in 
a vertical position, another mechanism of heat
 
movement takes place. The hotter 
group of molecules 
at the bottom of
 
the pipe will 
tend to rise and displace or 
"push" against the molecules
 
of gas above. The whole mass 
of molecules will eventually be set into
 
motion. High kinetic 
energy (higher temperature) gas molecules will
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rise and low kinetic energy (lower temperature) gas molecules at the 

very top of the pipe will move downward along the inside walls of the 
pipe. Eventually, when all of the molecules have approximately the same 

temperature, the movement will cease. This movement is referred asto 
convection. In the absence of a motivating device such as a fan (or a
 

pump if the fluid is a liquid) this is called natural convection. If a 

pump or fan is used to increase the movement, this heat transfer process 

is referred to as "forced convection". 

One must keep in mind that heat conduction through intermolecular colli

sion still takes place. In a vertical pipe, heat transfer occurs by 

both conduction and convection.
 

Exhibits 2-18, 2-19, 2-20 and 2-21 illustrate the conduction charac

teristics of several gases, liquids and metals. It can be seen that 

thermal conductivities for copper and aluminum are high. The use of 

such materials for absorber plates may be expensive and if used 

together, may be subject to intense corrosion. 

The flow rate of water or air through an energy collector affects its 
performance. Low flow rates allow the water or air to get very hot, but 

reduce the total energy collected. Because heat loss from the collector 

to the surrounding atmosphere is a function of relative temperatures, 

there will be an increase in heat loss.
 

Higher flow rates usually improve performance, but require larger pipes
 

or ducts and more electrical power for pumps or fans. Optimum perfor

mance and optimuim system cost usually coincide when about 1.2 to 2 gal
lons per square foot (50 - 83 liters/square meter) of collector medium 

circulates each hour. This results in a temperature rise through the 

collector of about 10°F (60C) on a sunny day. 
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Material 

Copper 
Aluminum 
Carbon steel 
Glass 
Plastics 
Water 
Ethylene glycol 
Engine oil 
Freon (liquid) 
Hydrogen 
Air 

Thermal conductivity 
at 300 K (W/m • K) 

386 
204 
54 

0.75 
0.2-0.3 

0.6 
0.25 
0.15 
0.07 
0.18 
0.026 

EXHIBIT 2-18 Thermal Conductivities of Some Metals, Nonmetallic Solids
 

Liquids, and Gases
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EXHIBIT 2-20 Thermal conductivities of some typical liquids.
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EXHIBIT 2-21 Thermal Conductivities of Some Typical Solids
 

R628/1 .de 2-36
 



Air systems usually operate with a larger temperature rise because it is
 

expensive to move large volumes of air. Typical flow rates are 2 to 4 
cubic feet per minute per square foot (0.62 - 1.22 cubic meters per 
minute per square meter), with a resulting temperature rise through the
 

collector of 40OF to 80°F (4.5) to 27"C). 

The actual efficiency of a collector (i.e., the proportion of solar 

energy absorbed as heat in the heat-transport medium) also depends on 

the design of the system and its components, but the following data 

provide a rough indication of what might be expected.
 

For a temperature rise of 108°F (60°C), say from 77 to 185F (25 to 

85°C), the overall efficiency could be expected to be close to 30 per

cent.
 

For an increase of only 54°F (30 0 C), however, from 77 to 131°F (25 to 

550C) the efficiency might increase to about 50 percent.
 

Average efficiencies of flat plate solar collectors have been found in
 

practice to generally be between 35 to 40 percent.
 

A black collector plate can teradiate much of the solar energy that it 

absorbs. One method to reduce these reradiation energy losses is to 
isolate the absorber plate from the lower temperature environment. The 

absorber should be enclosed in a frame (metal or wood) that rests on 
insulation. Insulation should cover the sides and the top should be
 

covered with sheets of glass or other transparent material.
 

Exhibit 2-22 illustrates how a flat plate collector efficiency varies as
 

a fiunction of incident solar radiation, the number of cover- plates in
 

the glazing, and the temperature of the fluid as it enters the collec

tor.
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Convection Heat Transfer
 

When a fluid (gas or liquid) comes in contact with a solid surface at a
 
different temperature than the contacting fluid, the resulting thermal
 
energy exchange process is called convection heat transfer.
 

There are two types of convection processes: free convection and forced
 
convection. In the first type the density difference which results from
 
fluid contact with a surface of a different temperature gives rise to
 
bouyant forces and energy transfer. 'Typical examples are the heat
 
transfer between the wall or roof of a house and the surrounding air on
 
a cool day, the heat transferred to the fluid in a tank in which a heat
ing coil is immersed, or the heat loss from the cover of a solar col
lector to the air above the collector when there is no wind blowing.
 

Forced convection occurs when an external force moves a fluid at a 
velo
city greater than "free" velocity past a surface having a higher or
 
lower temperature than the fluid. Under these conditions more heat can
 
be transferred at a given temperature difference.
 

The increase in the rate of heat transfer is produced by additional work
 
required to move the fluid past the surface.
 

In SH: C (Solar Heating and Cooling) systems, both free and forced con

duction characteristics are exploited. The use of free or forced
 
conduction is dictated by efficiency differences, cost, and necessity.
 

Con'.ection losses from a solar collector through the cover plate can be
 
minimized by using more than one cover. 
 Two covers are considered the
 

economic/efficiency optimum. See Exhibit 2-22.
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EXHIBIT 2-22 
 Effect of various temperature differences T. - Tout for 
single- and double-plate windows on heat flux (q/A). 
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Radiation Heat Transfer
 

Thermal radiatiui Ls one kind of electromagnetic energy. All bodies 

emit thermal radiation by virtue of their temperature. When an item or 

substance is heated, its atoms, molecules or electrons are raised to 

higher levels of activity, called excited states. However, they tend to 

return to lower energy states and, in this process, energy is emitted in 

the form of electromagnetic waves. 

Electromagnetic waves can travel through a vacuum. They do not depend 

upon the presence of any medium such as air, metal, liquid, etc. A hot 

electric wire, inside of an evacuated glass bulb, emits visible and
 

thermal radiation that travels through the vacuum space and impinges on
 

the glass envelope.
 

Visible light passes through the glass. Some of the invisible thermal
 

radiation (referred to ac "infra-red") is absorbed by the glass and is 

converted to heat which can he felt by touching the glass. The warmed
 

glass will radiate that heat as infra-red energy. A portion of the 

infra-red energy will pass through the holec between the molecules of 

glass and appear on the outside of the bulb and continue on its way 

along with that directly radiated by the glass.
 

When radiation, such as solaL energy, strikes a body, glass cover plate,
 

or a plain black absorber plate, a portion of the radiation is re

flected, a portion is bsorbed and, if the material is transparent, a 

portion is transmitted. 

The fraction of the incident radiation reflected is defined as the "re

flectance",a,, the fraction absorbed as the "absorptance", C , and the 

fractior: transmitted as the "transmittance", /. 
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According to the first law of thermodynamics (energy is conserved, i.e.,
 
all must be accounted for) these three componnets must add up to unity,
 
or:
 

p +)- +oc= 1 

Completely opaque 
bodies do not transmit any radiation, and therefore 
'i = 0. In the case of a plain black absorber any and all radiation
 
penetrating the glass or transparent 
covers of a collector falls onto
 
the surface of absorber and is converted to heat energy.
 

In the absence of some means to remove this heat energy by conduction or 
convection (such as air flowing over the surface or water flowing in 
metal tubes in contact with plate), mustthe the absorber reradiate the 
heat energy and reach an equilibrium point where radiation outwards 
equals radiation energy into the absorber.
 

Exhibit 2-23 and shows 
a portion of the electromagnetic wave spectrum.
 
The region of interest for solar energy applications extends between 1 x 
10- 8 to I x 10 meters (0.01 to 100 microns).
 

Thermal radiation is usually considered to fall within the band from 0.1
 
-
x 10 " to 100 x 10-" meters (0.1 Lo 100 microns). 

Most solar radiation energy -6
is in the range between 0.1 x 10 to 3 x
 
10- meters (0.1 - 3 microns). (See EXhibit 2-24)
 

The absorber surface should have a high absorptance index within the 
band of wavelengths contained in the sunlight (solar energy). The high
 
absorptance index means 
high conversion of the solar energy to infrared 
electromagnetic thermal) energy. 

At tne same time the absorher should 
have high reflection (low emit
tanice) within the band of wavelengths in which infrared electromagnetic
 
(thermal) enegy exists.
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EXHIBIT 2-23 Electromagnetic Wave Spectrum (KRE)
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Newport, R.I. 

Solar Energy Spectrum Source: Eppley Laboratory, Inc., 
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The radiation of the thermal energy from the absorber is outward to the
 
space above, so that the heat transfer medium (air or liquid) can accept
 
the thermal energy by conduction for transmittal to sto-age or point of 
use.
 

Selective surfaces, produced by chemicals and/or special 
physcial
 
surface treatment, combine a high absorptance for solar radiation with a
 
low emittance for the temperature range in which the surface emits radi

ation.
 

This combination of surface characteristics is possible because 98 per

cent of the energy in incoming solar radiation is contained within wave
lengths below 3 microns. Ninety-nine percent of the radiation emitted 
by a black surface at 1270 C is at wavelengths longer than 3 micrometers.
 

The ideal selective surface characteristic is illustrated in Exhibit
 

2-25.
 

Real surfaces do not approach this model of ideal performance. The 
monochromatic reflectances for two real selective surfaces, typical of 
those used on commercially available solar collectors, are illustrated 

in Exhibit 2-26.
 

Transparent MaLerials
 

As mentioned above, incident radiation associated with a given material,
 
including a transparent material, must satsify the condition that the
 

sum of the absorptance, reflectance and transmittance must equal unity. 
However, transmission of radiation through a transparent material, such
 
as glass, is a rather 
complex process and depends on the wavelength of
 
the radiation, the angle cf incidence, the refractive index and the 
extinction coefficient (which determines the amount of light absorbed 
in a substance in a single pass of radiation).
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EXHIBIT 2-25 Ideal Selective Surface Characteristics (KRE)
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EXHIBIT 2-26 Special Reflectances of (A) Tabor Solar Collector Surface,
 

Chemcial Treatment of Galvanized Iron and (B) a Two-layer Black Nickel
 

on Nickel-coated Steel (KRE)
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Transparen< covers are used to reduce heat losses from the radiation 

absorbing surfaces of solar collectors. Materials for this type of 

application should be able to transmit solar radiation at all angles of 

incidence, should have dimensional stability, and should have long-term 

durability under exposute to the sun and the weather. 

Other desirable properties include low weight, low infrared transmit

tance, and low cost.
 

Exhibit 2-27 defines the angles used in analyzing reflection and trans

mission of light at the surface of a cover plate. The reflection repre

sents a reduction (loss) of some of the solar energy that reaches the
 

cover plate. The reflection in related to the refractive index of the
 

material. Exhibit 2-28 lists refractive indices for various substances.
 

The higher the index, -he greater the reflection. Cost, stability under
 

weather conditions, and sunlight conditions generally restrict cover
 

plate material use to glass, "Mylar" and "Tedlar".
 

Etching
 

The reflectance may be reduced by a factor of four by a surface etching
 

process. For example, if glass is immersed in a silica-supersaturated
 

fluosilicic acid solution, the acid attacks the glass and leaves a sili

ca surface layer. This layer has an index of refraction (hence reflec

tion) intermediate between glass and air. By having a gradual change in
 

index of refraction, reflectance losses are reduced significantly.
 

Researches have devised processes for producing glass with reflectance
 

of 1 percent per interface (2 percent per pane of glass). The effec

tiveness is illustrated by the graph in Exhibit 2-29.
 

Despite the obvious benefits of etching, the etched surfaces will cap

ture dirt, dust and films that will reduce overall transmittance. For
 

etched cover plates to be worthwhile they must be cleaned frequently.
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EXHIBIT 2-27 
 Diagram Showing Incident, Reflected, and Refracted Beams
 

of Light and Incidence and Refraction lAngles for a Transparent Medium
 

Material Index of refraction 

Air 1.000 
Clean polycarbonate (PCO) 1.59 
Diamond 2.42 
Glass (solar coulecior type) 1.50-1.52 
Plexiglass (polymethyl ,nethacrylate, PMMA) 1.49 
Mylar a (polyethylene terephthaiate, PET) 1.64 
Quartz 1.54 
Tedlara (polyvinyl Iluoride, PVF) 1.45 
Teflon' (polytluorocthylenepropylcne, FEP) 1.34 
Water-liquid 1.33 

solid 1.31 

"Trademark of the DuPont Company, Wilmington, Delware. 

EXHIBIT 2-28 Refractive Index for Various Substances in the Visible
 

Range Based on Air
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EXHIBIT 2-29 Reflection Spectra for a Sample of Glass Before and After 
Etching 
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The refractive index can be reduced by use of coatings similar to those
 
used on camera lenses. The durability of such coatings on outdoor
mounted solar collector cover plates is not yet such that its use can be
 

encouraged.
 

Exhibit 2-30 is diagrammatic representation of a flat plate collector
 
with 2 cover plates. The relationship of incident radiation, reflected
 

radiation, transmitted radiation, absorbed solar radiation, and captured
 

heat energy for end use 
are shown. Exhibit 2-31 summarizes the trans

mittance figures for single and double for
glazing various angle of
 

incidences. Exhibit 
2-32 summarizes vital characteristics of different
 

glazing materials.
 

2.3.2.3 Concentrating (Focusing) Collectors
 

Introduction
 

For many applications (as listed in Exhibit 2-33) 
it is desirable to
 

deliver energy at temperatures higher than those possible with the use
 

of ordinary flat plate collectors. This can be accomplished in at least
 

two ways:
 

a) 
 Raising the level of incident energy on the energy-absorbing sur

face;
 

b) Decreasing the area of the absorber from which heat losses occur.
 

By interposing an optical device between the source 
of radiation (typi

cally the sun) and the energy absorber surface both of the above are
 

met. For solar energy applications the devices can be "nonimaging"
 

concentrators or "imaging" concentrators. Many designs have been set
 

forth for concentrating collectors.
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EXHIBIT 2-30 Flat Plate Collector with 2 Cover Plates Showing Relation
ships of Incident Radiation, Reflected Radiation, Transmitted Radiation,
 

Absorbed Radiation and Capture,,Heat Energy
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Angle of Transmittance Absorbance: 
incidence 

(deg) 
Single 

glazing 
Double 
glazing 

flat black 
absorber surface 

0 0.87 0.77 0.96 
10 0.87 0.77 0.96 
20 0.87 .0.77 0.96 
30 0.87 0.76 0.95 
40 
50 

0.86 
0.84 

0.75 
0.73 

0.94 
0.92 

60 0.79 0.67 0.8S 
70 0.68 0.53 0.82 
80 0.42 0.25 0.67 
90 0 0 0 

EXHIBIT 2-31 Transmittance-Absorbance Values for Solar Collectors with
 
Glass Glazing and Absorber Plates Painted Flat Black
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ester (FRP)
Two lavers of 
FRP, each I mum 
(0. 040 in.) thick, 

separated 3. 4 cii 
(12 in.) by alumn
inum beams 

Polycarbonate 

sheet, sbigle or 

i'twimi wall' 


Acrylic sheet 

Polyvinylfluoride 

filn 

Fiberglass-

re inforced 

polye3ter 

Ligh t. 
transmission 

Transparent 

Translucent 

Translucen, 

"Transparent 

Transparent 

Transparent 

(translucent 
also available 

Transparent 

to teanslucent 

Translucent 

Light
 
transin ittance
 

after agihlg 

10 years 


967, for 1-nil 
filn 

10'I-after 2 
years 

77, 

82 to 89, 

(depending 
on thickmess) 

' 

92 to 94n' 

83'; 

Longevity . o-Latin tetp 
(years) 'C 'V 

Very 204 ,tuU 
stable
 

Approx. 93 
 200 
20 

Approx. 93 20 
20 

to 10 2 I",i, 

(tll.StlI)- tl' l[ 

)orted) I l 
121(F'aic I) (f'an.ll

5(to7 121 

10 to 20 *92 150 

20 

EXHIBIT 2-32 
Glazing Materials, Based on General Information
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Fmperaturt APPLICATIONS 

500-

Production of electrical power 

(fluids other than water) 
400 -Process steam 

SEvaporation in various processes 

C 
Digestion in paper pulp, kraft 

Drying diatomaceous earth 

-Drying fishmeal, lumber 

300 -Alumina via Bayer's process 
- Drying farm products; canning of food 

C 

- Evaporation in sugar refining 

- Fresh water by distillation 

- Drying of cement slabs 

J200 
- Most food drying 

- Space cooling by absorption refrigeration 
(lower limit) 

- Food drying (lower limit) 

C 
U 

- Space heating 

- Animal husbandry 

o - Greenhouses (lower lilit) 

100 

- Mushroom growing 

- Hot baths 

- Swimming pools, biodegradation, fermentation 

. Fish hatching, fish farming 

EXHIBIT 2-33 Required Temperature for Various Applications 

Adapted from Koomanoof, 1976 
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In this context, the word "collector" will denote a system consisting of
 

the "receiver" and "concentrator". The "receiver" is that element of
 

the system ("collector") where solar radiation is absorbed and converted
 

to heat energy. Components of the "receiver" includes an "absorber",
 

associated covers, and insulation as required.
 

The "concentrator", or sunlight "optical system" is composed of all
 

parts of the collector that direct intercepted solar radiation onto the
 
"receiver".
 

Concentrators can be reflectors or refractors. They may be cylindrical
 

or surfaces of revolution, continuous or segmented.
 

Receivers can be convex, flat, or concave and can be partially covered
 

or uncovered.
 

"Concentrators" can have concentration ratios (the factors by which
 

radiation flux on the energy absorbing surface - the "receiver" - is 

increased) from low values of 1.5 or 2 to higher values of 10,000 or 

more. Increasing ratios indicate increasing receiver temperatures or,
 

in effect, temperatures at which energy can he delivered.
 

With respect to concentration ratio, the term that best applies to a
 

solar energy system is the "area concentration ratio". It is the ratio
 

of the area of aperture to the area of the receiver as illustrated in
 

Exhibit 2-34.
 

The area concentration ratio, C, in equation form is:
 

C =-A Aa
 

A
 
r 

where: Aa is the aperture area
 

A is the receiver area
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R 

A. 

Schematic of Sun at T, at Distance R from a Concentrator
EXHIBIT 2-34 


with Aperture Area A and Receiver Area Ar Adapted from Rabl, (1976).
 

(BEC)
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The total amount of solar energy insolation (diffuse and direct) at a
 

given point on the earth's surface at a particular time and the amount 

seen by the aperture area for any collector, is the same. The portion
 

of energy delivered to the absorber (receiver) of different types of 

collectors depends upon the optical path between the aperture and the 

receiver.
 

For a perfectly flat plate collector, there are no geometrical obstruc

tions to any ray that ar,:ives at the cover plate (aperture).
 

In a concentrating collector the area concentration ratio, C, has an 

upper limit that depends on:
 

a) 	Whether the concentration of optical paths is represented by a 
three dimensional (circular) concentrator such as a paraboloid or a 
two 	dimensional (linear) concentrator such as a cylindrical para
bolic concentrator;
 

b) 	 The angle of orientation of the plane of the aperture to a direct 
ray from the sun. 

c) 	 The proportion of direct incident solar radiation to the aperture
 
plane as compared to the diffuse portion. This is diagrammed in 
Exhibit 2-35.
 

From Exhibit 2-35 it can be seen that a major disadvantage of a pure 

concentrating solar collector is that only direct solar radiation can be
 

used as an energy soiurce. Diffuse radiation usually makes up one half 

of the solar insolation at a point on the earth's surface. In fact, on
 

a cloudy day, most of the radiation is diffuse.
 

Additionally, the optical system can be designed such that a limited
 

degree of orientation is maintained.
 

Reflectors or focal point can be moved in order to maintain "track"
 

conditions.
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EXHIBIT 2-35 
 Direct and Diffuse Radiation on a Solar Concentrator
 

(SOL-1)
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As the area concentration ratio increases, the performance of the system
 

becomes more dependent on the:
 

a) optical quality of materials utilized;
 

b) precision of construction; 

c) precision of collector positionifng with respect to the angular ori
entation of the sun's rays; 

d) immunity to co]]ector distortion and position changes caused by 
ambi;iL temperature, wind, etc.; 

e) "projected" optical area of the concentration, 

f) heat handling characteristic of the absorber (receiver); 

Therefore, the cost of delivered energy from a concentrating collector
 

is a function of the temperature at which it is available. At the high

est range of concentration concentrating collectors are termed solar
 

furnaces. Solar furnaces are generally either laboratory tools for
 

studying the properties of materials at extremely high temperatures or
 

experimental high efficiency electric power generating plants.
 

Even at lower temperatures there are new maintenance requirements for
 

concentrating collectors as compared to those for flat plate collectors.
 

Additional measures are required to retain the quality of optical sys

tems for long periods of time in the presence of dirt, weather and
 

oxidizing or other corrosive atmospheric components.
 

The combination of initial cost for collectors, cost of special mounting
 

facilities, and operating and maintenance costs restricts the utiliza

tion of concentrating collectors. New materials and more precise engi

neering of systems are needed in order for the use of collectors to
 

become more widespread.
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In addition to optical configuration of the concentrator there are other
 
factors that influence the percentage of the energy (as seen by the area
 
aperture) that reaches the absorber 
(receiver) for conversion to usable
 
heat energy. Among the relevant factors are:
 

a) 	reflectivity of the surfaces in and along the 
-ptical path;
 

b) 	conversion efficiency of the absorber surface;
 

c) 	temperature of the absorber;
 

d) 	heat transfer efficiency of fluid/absorber interface;
 

e) 	magnitude of radiation losses from the absorber.
 

Exhibit 2-36 illustrates the relationships between concentration ratio
 
and temperature of receiver operation for three categories of collector
 
geometry: cylindrical, conical, paraboloid.
 

Optical Configuration
 

In Exhibit 2-37, four configurations are shown (with the absorber de

noted by Ab).
 

A) 	represents a plane receiver with plane reflectors at tht edges to
 
reflect additional radiation onto the receiver. 
Area concentrations
 
associated with these type systems are relatively low, with a maxi
mum 	value of four or less. 
 These collectors can be considered flat
 
plate collectors with augmented radiation.
 

B) 	illustrates a reflector of conical section which could be a cylin
drical surface (with a tubular receiver).
 

C) 	represents a parabolic concentrator which could be a surface of
revolution (with a spherical or hemispherical receiver).
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U
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II 'I. 

0 500 1000 1500 

Receiver Temp, 0C 

EXHIBIT 2-36 Relationships between concentration ratio and temperature 

of receiver operation, the "lower limit" curve represents concentration 

ratios at which the thermal losses will be equal to the absorbed energy; 

higher ratios will then results in useful heat gain. The shaded range 

corresponds to collection efficiencies of -V)percent to 60 percent, and 

represents the usual range of operation. Also shown are approximate
 

ranges in which several types of reflectors might be used. (Note: This
 

figure is not intended to be a basis for design.)
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A 

b 
7 

// 

/ 7I 
A 

Ab 
/ / 

/ 
// 

Ab'r ;: 

/ 7/ 

. -E/ 

Ab; 

/ / 

A,b, 

/ / 

I,. __ 

A , 

EXHIBIT 2-37 Some possible focusing system configurations: A) Plane 
receiver, Plane reflector; B) Conical reflector cylindrical receiver; C) 

Paraboloidal concentrator; D) Paraboloidal concentrator with secondary 

reflector; E) Fresnel ref] ,ctor; 
and F) Fresnel refractor.
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D) illustrates a parabolic reflector with a second reflector surface 

located at the normal focal point, which refocuses the radiation
 

through a small hole in the primary reflector to a point behind the 

primary reflector. This arrangement peLmits utilization of the 

simplest and liahtest weight structure in front of the primary re

flector, minimizing shadows on the primary reflecting surface and 
reducing the inherent moment arm effect. The tubes, necessary to 

convey the heat transfer fluid to and from the receiver (absorber), 

are out of the way. A partial housing can also be built around the 

absorber to minimizes radiation and conduction losses from, anc the
 

effects of weather on it.
 

E) illustrates a Fresnel reflector 
or a series of flat reflectors on a
 

moving array.
 

F) illustrates a Fresnel .efractor.
 

Concentrators can be divided into two general categories: 
 non imaging
 

and imaging. Non imaging concentrators do not produce clearly defined
 

solar images on the absorber; they distribute radiation from all parts
 

of the solar disc onto all parts of the absorber. The associated con

centration ratios are in the low range, generally below 10.
 

Imaging concentrators, in contrast, form images directly on the ab

sorber. Concentration ratios for this type of concentrator can be much 

higher. 

Tracking
 

Movement of the entire collector assembly provides potential for the 

greatest accuracy in sun tracking.
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Reflcctors that are formed by a surface of revolution (circular concentrators) generally must be oriented such that the focus, vertex and sun
are in line, and therefore must be able to move about two axes. For
example, these 
axes may be horizontal and vertical.
 

Orientation systems can provide continuous or nearly continouous adjustment, with collector movement adjustable to compensate for the changing
hourly position of the 
sun. For 
some low-concentration linear collectors it is 
possible 
to adjust their 
position intermittently 
(daily,
weekly, monthly or 
seasonal) depending upon the design.
 

The orientation may be manual, mechanized or a combination of the two.Even for relatively crude tracking, the mechanism required is costly.In an effort 
to minimize tracking expense 
several 
schemes 
have been

devised. 
Exhibit 2-38 illustrates some of them.
 

In the linear parabolic unit in (a) of Exhibit 2-38, the reflector moves
only in elevation. 
The absorber is in a fixed position. 
The reflector
in (b) is 
a circular parabola which is 
rigidly fixed to 
the earth. 
As
the 
sun moves 
the rays arrive at different angles and the focus point
moves also. 
The absorber (receiver) moves simultaneously along the path

taken by the changing focal point.
 

(c) and (d) are variations of a reflecting Fresnel mirror. 
The individual segments that make up a Fresnel configuration move individually so
that the focal point (absorber) may remain fixed with respect to the 
overall geometry.
 

Figure (e) shows a refractive Fresnel lens where the lens is fixed. 
The
absorber is a flat plate located a distance below the Fresnel lens.Increasing 
the distance 
will increase 
the concentration 
ratio. 
 The
focus of the Fresnel lens will move as the incoming rays from the sunmove with respect to the lens. The focused rays, as they move, willalways impinge on some portion of the flate plate absorber.
 

R628/10.de 

2-63
 

http:R628/10.de


/ \ * 

/ \ 

(b) 

/ // 

(c) 
(d) 

Face-y 

EXHIBIT 2-38 
 Single Curva-'.iure Concentrators: a) Parabolic trough; b)

Fixed circular trough with tracking absorber; c) and d) Fresnel mirror
 
designs; e) Fresnel lens. 
 (KRE-l)
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Non Imaging Concentrators
 

It is desirable to have concentrating collectors that can fulnction daily
 

and annually with minimum requirements for tracking and that can accept
 

not only direct radiation but diffuse radiation also. The concentrator
 

(optical system) should have the capability of reflecting to the re

ceiver (absorber) all the incident radiation on the aperture over ranges
 

of incidence angles within wide limits. The limits define the "accept

ance angle" of the collector. Compound parabolic concentrators (CPC)
 

most nearly meet these objectives as compared to other types of concen

trators.
 

In Exhibit 2-39, the basic concept of the CPC is shown. The C'C is po

tentially most useful as a linear or "trough type" concentrator.
 

Each side of the CPC is a parabola, only the focus and axis of the 

right-hand parabola are indicated. Each parabola extends until its sur

face is parallel with the CPC axis. The angle between the axis of the 

CPC and the line connecting the focus of one of the parabolas with the 

opposite edge of the aperture is referred to as the "acceptance half

angle", 0c . If the reflector is perfect, radiation entering the aper

ture at angles between + 0c will be reflected to a receiver at the base
 

of the concentrator by the parabolic reflectors at each side of the 

axis.
 

Concentrators of this type have area concentration ratios (denoted as
 

i ") are11C which functions of the acceptance half angle 0c" The rela

tionship for such an ideal two-dimensional system is:
 

C=1 

sin (0C ) 
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Parabola/\/
 

Focus of Receiver 
perat'Ula 

.......- ,'* Vert-x of parabola 

Axis of parabola 

EXHIBIT 2-39 Cross Section of a Symmetrical Nontruncated CPC
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The "sides" of the parabola need not be extended to the height at which
 

they are exactly parallel to the axis. For practical reasons, the sides
 

are shorter, but the concentration ratio C. 
1 

is reduced. The 
relationship between the amount of truncation (height/aperture ratio), 
acceptance angle, and concentration ratio is illustrated in Exhibits 

2-40 and 2-41. 

The heat transfer medium for concentrating collectors is typically li
quid. Water is the most common liquid used. Other liquid mixtures may
 

be employed if water cannot provide the particular physical
 

characteristics that nuy be required.
 

Circular reflecting and refracting types of concentrators focus on what
 

are essentially very small flat absorbers. Two dimensional reflecting
 
concentrators (cylindrical) generally use long tubes aligned at the
 

focus along the axis of the trough.
 

In Exhibit 2-42, a schematic section and longitudinal view of a typical
 

cylindrical parabolic concentrator are shown. Note that insulation (to
 

reduce radiation and conduction losses) covers that portion of the re

ceiver away from energy that is reflected towards the absorber.
 

A more detailed view of absorber construction is illustrated in Exhibit 

2-43. A concentration collector is subject to losses for several 

thermodynamic reasons and will have a conversion efficiency less than 
unity due to the relative geometry of the reflector/absorber.
 

The relationship and relative values for two concentrating collection 

systems with different aperture/receiver ratios are illustrated in Exhi

bits 2-44 and 2-45.
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O4kial Chraceristics of Nonimaging Cocentrmlors 

*I u, 
I I
I _I 

Aoerture /
I 

EXHIBIT 2-40 A CPC truncated so its height/aperture ratio is about half
 

of the full CPC
 

Full CPC--s., 

0/ 7 /- of. 

-4 0 ..1-' l /*. 
__ ,-21 -" ii - " 

4 6 12 16 
Concentraiion ratio 

EXHIBIT 2-41 
 Ratio of height to aperture for full and truncated CPCs as
 

a function of C and 6. Adpated from Rabl (1976b).
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RECEIVER 

INSULATION FUIDL
 

1 -- F- FLUID
 

I Hx OUT.. 

CONCENTRATOR // 

EXHIBIT 2-42 Schematic section and view of a cylindrical parabolic 

concentrator with cylindrical receiver shown insulated on top portion.
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Fluid in 

Fluid out 

Absorber tube 

Hermetic seal 

Cover tube Delivery tube 

Spring support 

Tip-off 

EXHIBIT 2-43 Cutaway view of an evacuated-tube absorber for a
 

concentrating solar collector manufactured 
by Owens-Illinois, Inc.
 

(KRE-l)
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1.0 

REFLECTION 
LOSS 

0.8 

0.6 

SKAP FACTOR LOSS 

IMPERFECT ABScPTION 

CONDUCTION AND 
UNACCOUNTED-FOR LOSSES 

C7 RADIATION 
LOSS 

0.4

0.2-

USE FUL 
HEAT 

LOSS 

50 100 

RECEIVER 

IO 

TEMP. °C 

200 

EXHIBIT 2-44 Distribution of incident energy for the 1.89 m reflector 

with 60 mm diameter receiver as a function of receiver temperature. 

From Lof et al. (1962).
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EXHIBIT 2-45 Distribution of incident energy for the 1.89 
m reflecto
 
with 27 mm diameter receiver. From Lof et. al. (1962).
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2.3.2.4 Storage
 

Energy Demand/Available Sunshine 

The day/night cyclic variation in sunlight 
can be derived from calcu
lated solar position and the seasonally varying properties of a standard 
atmosphere. Economic analysis requires that performance prediction be 
based on historical variations of solar insolation for the actual site.
 

Data can give some insight into long-term (seasonal or yearly) average 
behavior of a solar energy system localunder atmospheric conditions. 
Such data is useful but not sufficient. Short-term fluctuations of
 
sunlight due to overcast conditions may last for days. Whereas broken
 
cloud cover may block the sun for only a fraction of an hour.
 

An analysis of sunshine a.uailability for the United States New England 
Region was conducted by Prof. A. Dietz of the Massachusetts Institute of
 
Technology in connection with a series of experimental solar houses. 
The data collected for the experiments was used for space heating stu
dies. The information was not taken for summer months. 
However, avail
able data is pertinent and adequate for the analysis which follows.
 

The 57-year U.S. Weather Bureau monthly average figures, for percentage
 
of sunshine in the Boston, Massachusetts area are plotted together with
 
the corresponding observed numbers for 1949-50 in Exhibit 2-46. The 
seasonal variation of 1949-50 is quite marked as compared to the rather 
smooth 57-year average.
 

On the same figuLe, the percentage of time during the 1949-1950 period 
that the collectors on the MIT solar house were in operation as compared
 
with the total potential sunshine hours (assuming no overcast during the
 
entire season) is plotted. Although this 
curve in general follows the
 
percentage sunshine curve for there a noticeable dif1949-1950, is 

ference in February iriicating that the percentage of available sunshine
 
for that month was not a reliable guide to the amount solarof energy 

collected.
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In the absence of a satisfactory explanation for the difference, one may
 
speculate that the collector or 
recording systems were defective, that
 
wind, snow, and/or temperature conditions impaired operation, or many
 
other reasons. We will 
assume the "best case" and contLnue our discus
sion on 
the premise that available sunshine and collectable sunshine can
 
have a constant relationship.
 

Exhibits 2-47a and 2-4"/b illustrate the distribution of days of various
 
degraes of sunshine in January and April for the period 1940-1950. This
 
weather information illustates that the chances of having very sunny or
 
very overcast days are much better than the chance of having intermedi

ate days.
 

Exhibit 2-48 presents another analysis of percentage sunshine figures.
 

It shows the probable sequence of days having high (75-100) percent
 
sunshine, which can be expected to provide an excess of energy available
 
to be stored for future use, 
and the probable sequence of days of low
 
(0-25) percent sunshine, which can be expected to be of little or no use
 

in providing solar-derived energy.
 

Additional information on the probable sequences of periods of no-col

lection of solar energy is provided in Exhibit 2-49. The collection and
 

no-collection periods, as recorded at the solar houses, were 
analyzed
 

and the periods in hours of "no collection" were plotted. No periods of
 
less than 14 hours are found because the shortest sunset-to-sunrise time
 

during the period was close to 14 hours.
 

Of the total no-collection periods, nearly 50 percent are represented by
 
periods of less than 48 hours, and nearly 90 percent are represented by
 
periods of less than 72 hours. 
 Periods above 90 hours (roughly 4 days)
 

are rare. Collection and storage for 6 sunless days would have been
 
necessary in 1949-1950 to meet all the requirements of a base-load type
 

of electric power plant.
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EXHIBIT 2-46 Percent Sunshine of Possible Sunshine and Time of Opera

tion of Collector Unit (from Dietz, 1954)
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EXHIBIT 2-47a Probable Distribution of Possible Sunshine for the Month
 

of January
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EXHIBIT 2-47b Probable Distribution of Possible Sunshine for the Period
 

October through April
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EXHIBIT 2-48 Probability of Sequences Occurring of Like Days 
for the
 
Total Number of Days Considered (l-Year Average for October through
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EXHIBIT 2-49 Distribution of Periods of No Collection of Solar Energy
 

(1949-1950) (Source: Dietz, 1954)
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The data and analysis cited above hold for the particular weather condi
tions around Boston, Massachusetts. The same analysis should be fol
lowed 
for the particular site in Egypt under consideration. There ar.
 
significant differences in the availability of solar energy between
 
coastal areas, riverside locatLons, and more desert-like sections.
 

It is clear that if 
one requires solar energy to match the performance
 
of a fossil 
fuel fired system, enough energy must ba collected and
 
stored not only for night time, but also sufficient to provide energy
 
during the periods of serveral sunless days in a row which do not occur
 

frequently throughout the year.
 

Additionally, there is the requirement (as revealed by the statistical
 
history Exhibit 2-4 that, once exhausted, the storage should be 
re
charged within three days (20 to 33 collection hours, depending upon the
 
season) in order for the facility to be functional during the next
 

cloudy spell.
 

Economic considerations constitute the primary basis for a decision to
 
employ a storage facility or an auxiliary source energized by externally
 
derived fuels. Secondary considerations include: a) space for instal
lation requirements for storage/auxiliary facilities; b) the skill level
 
or training level of personnel required for operation; c) additional 
space required to capture the solar energy to be converted for storage 
purposes.
 

Usually, a combination of storage and auxiliary facilities is chosen. 
The combination of a solar system with some storage capabilities and of
 
smaller capacity than that which would be required to supply the full
 
heat load at all times with an auxiliary heat source sized to meet de
mands results in more effective use of the solar equipment throughout
 
the heating season and a lower total annual cost.
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Analysis by calculations pernits selection of the most cost-effective
 
sizes for the solar energy/auxiliary heat system. This calculation
 
procedure will be discussed in a later section.
 

Storage Materials
 

There are two commmon ways to store heat. One way involves storing heat
 
in a solid substance such as rock or concrete. A second method involves
 

storage in a reservoir of water.
 

There is a third way of storing heat which is not common. It involves
 
the exploitation of a phase-change characteristic. There are difficul
ties in obtaining reasonable life from such a design. It will be de
scribed because the current efforts to overcome its limitations may re

sult in a satisfactory capability.
 

Rock storage can be achieved by blowing heated air from solar collectors
 
through a bed of rock into which the heat is absorbed, and returning
 
exhaust air to the collectors for reheating. This is illustrated in
 
Exhibit 2-50. In a similar manner, pumped water can transport heat from
 
the collectors to storage as illustrated in Exhibit 2-51. Heat storage
 
by passive means is possible using either solid or liquid storage sys

tems when no blowing or pumping is required.
 

Sensible Heat Storage
 

Sensible heat storage occurs when the storage medium experiences a rise
 
in temperature following contact with the heated fluid from solar
 
collectors. The rate of heat rise depends on the sizing of the system;
 
stored heat must be retained in a well-insulated compartment to reduce 
heat losses.
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EXHIBIT 2-50 Diagram of Pebble-bed Heat Storage Unit (SOL-l)
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Air systems using rock storage are favorites of many builders, espe
cially those with limited plumbing and sheet metal skills. The main
 
critieria for constructing good air systems are proper sizing of the 
storage container and the collector, proper manifolding, adequate insu
lation, and airtightness of the system. Rocks do not corrode or leak
 

water, and are relatively inexpensive materials that can be used to
 

construct the storage system. Rocks must be selected and washed before
 
installation. Another disadvantage is that rodents and other animals 
tend to take up residence in the warm rocks. Their presence, alive or 
dead, can be quite obnoxious. It is also possible for mildew and/or
 

algae to thrive on the warm rccks when air moisture is also sufficient
 

to support life. Well-constructed rock systems may last many years.
 

Rock systems are bulky requiring about three times the storage volume of
 

a water system. Water systems must be constructed to minimize the
 
dangers of corrosion or freezing. A well-constructed water system is
 
likely to be more expensive, however it is generallly a more compact and
 

appealing for professional buildings. Advantages and disadvantages are
 
listed in Exhibit 2-52. With water systems, one can look to many years
 

of trouble-free service for systems that use quality components and that
 

are properly designed and installed.
 

The equation that expresses sensible heat storage is
 

Q=mx sxT 

wher Q is the stored heat, m is the mass of the storage medium, s is the
 

specific heat of the storage medium, and T is the useful temperature 

difference or rise.
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Advantages 

Abundant 
Low cost 
Not toxic 
Not combustible 
Excellent transport properties 
High specific heat 
High density 
Good combined storage medium 

id working fluid 
Wed-known corrosion control 

methodology 

Disadvantages 

High vapor pressure 
Difficult to stratifya 

Low surface tension
leaks easily 

Corrosive medium 
Freezing and consequent 

destructive expansion 
Nonisotherma energy 

delivery 

EXHIBIT 2-52 Advantages and Disadvantages of Water as a Thermal Storage
 

Medium (KRE-1)
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The specific heat of rock is 0.2 Btu/ib°F (0.84 J/g0 C). The specific 
heat of water is 1 BTU/lb 0 F (4.19 J/g 0 C). Therefore water can store 
heat five times better than rock. As an example the following 
equivalent masses represent a system having the same heat storage 

capability and temperature rise: 

25,000 lb water (11,340 kg)
 

125,000 lb rock (56,699 kg)
 

This represents a volume of 400 ft 3 for water and 1,042 ft3 for rock.
 
For water, this represents a cube about 7.4 ft (2.3 m) wide on a side or
 
3,000 gal. (11,355 liters). For rock, this represents a cube 10.1 ft
 
(3.1 m) wide on a side or 7,800 U.S. gal (29,500 liters).
 

Various solid materials have been tested for storing heat: iron, iron
 
ore pellets, slag, broken tile, concrete, bricks, and aluminum.
 
According to the data provided in Exhibit 2-53, rock is the optimum 
choice for a cheap material. Iron is a good choice but it is fairly 
expensive and must be protected from rust. Iron ore pellets are subject 
to powdering and are t refore not recommended. Aluminum is not much 
better than rock, and .nicrete and brick are slightly inferior to rock. 

Rock for a solar storage system must be properly selected. Rounded 
chunks of granite and metamorphic stones make the best choice because
 
they are hard and resistant to powdering. Air flows smoothly past their
 
rounded contours to give a lower pressure drop across the storage bed.
 

Crushed stone should be avoided as there is a tendency for powdering and
 
the angular edges impede air 
flow. A good source of rock is glacial
 
till, which contains a large amount of rounded chunks of granite and 
hard metamorphic rocks. Optimum rock sizes range from pebbles that are
 
about 2 cm (0.8 in.) across to fist-sized rocks.
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Heat capacity 
" Density (Btu/(ft 1 - F')] 

Specific heat (lb/ft) 30 percent 

Material [Btu/(1b F')] no voids No voids voids 

Water 1.0 62.4 6 
Scrap iron 0.12 490 59 41 
Scrap alum inum 0.23 170 3D '27 
Rock 0.21 170 39 25 

Concrete 0. 23 140 32 2"2 
Brick 0.20 140 2.S 20 

EXHIBIT 2-53 Materials for Storing Sensible Heat (British Expressions)
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Water Tanks
 

There are several different types of water tanks used in solar heat 
storage. Steel and fiberglass-reinforzed plastic (FRP) are commonly
used. Steel tanks are more appropriate for the higher water tempera
tures usually encountered with concentrating type solar collectors.
 
Another type of tank is made of concrete or masonry blocks and is lined
 
with impervious waterproof material. 
Exhibit 2-51 illustrates different
 
types of water storage tanks.
 

Wat-r tanks may be located below or above ground level, inside 
or out
side a building. It is recommended that storage tanks be placed within
 
the building enclosure. An indoor 
location protects the vessel from
 
weather. 
 Also, heat losses from the tank can help satisfy part of the
 
heating load of the building space in which it is located.
 

Latent Storage
 

Another way in which the advantages of latent heat can be illustrated is
 
to describe he physcial barrier of water. 
 Let us consider a block of 
ice which 1.- been cooled to -300C. We will now add heat energy and
 
measure the temperature of the ice. 
We will have to add one calorie per
 
gram of ice in order to raise the temperature of each gram of ice 
one
 
degree Celsius. The temperature of the ice increases linearly with the
 
addition of heat until the ice reaches 00C. 
The heat added along this
 
path is called sensible heat.
 

At 00C we find that as we add heat the temperature of the ice does not
 
inijrease, unless we add 80 calories for each gram of 
ice. At this
 
point, the ice changes to water. 
 The difference in temperature versus
 
energy input is called the "heat of fusion" or the "latent heat" which
 
is added with no temperature change but a change in physical state from
 
a solid to a liquid.
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As we continue to add heat at the rate of one calorie per gram, the
 
temperature of the water increases one degree Celsius until we reach
 
1000 C. There we find that we must add 540 calories of heat per gram
 
before the temperature begins to increase. Simultaneously we find that
 
the physical state of the water changed to a gas or steam.
 

As we continue to add heat the temperature of the steam rises in accord
ance with the previous "sensible" heat performance of one degree Cel
sius, per gram of steam per calories added. This latent heat is 
com

monly referred to as the neat of vaporization.
 

The process is completely reversible. As we extract heat we note two
 
points on the temperature scale, 
1000C and 0°C, where heat is removed
 

without a change in temperature.
 

Various materials have different temperatures at which the phase state
 
changes occur and the values 
of the latent heat for vaporization or
 
fusion are different. Exhibit 2-54 lists relevant properties of materi
als of interest in solar energy applications.
 

We must use materials for which the "heat of fusion" 
falls within the
 
range of solar energy temperature. There are two principle advantages
 

to 
latent heat/phase change phenomena. First, during phase change, we
 
can extract or add heat at a constant temperature. This is unlike rock
 
storage where the storage 
source temperature changes continuously as we
 

extract heat.
 

Secondly, the volume of latent storage material required 
to store heat
 
is considerably reduced. 
One cubic meter of latent storage medium will
 
store as much heat as 14.5 cubic meters of rock or 5.6 cubic meters of 
water.
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Naiic 	 Chenizal formula 

lg':in ic lih('atet 

,+ ah.m iihloride
 
liciaih\ ae 
 CaCI, 61I50 


N ,tiii Iii ca rliuiiatc
 

dc,'ahIidatc Na2CO1 1•]011() 
Ut ;(_yiU111 phuo'phate

tlnlecahi that NaIl!PO, 1211,0 
Soi (HiUl fIat ,.eCa

hIi(hate Na2 SO, ' ll2O 
S ,hiiu tlii - fate 

m
-Ii ta h it h'atc Na 2 SZ0 51120
3 

(likull qlllfatkc LeCa'

i~diatc 97. 5'7 NazSO4 . 1011 0 
11hol na -2.5"' Nall407 • 101i20 

Wrgalic 	 Co.,UlixitldM 
Napihtlalene C10 Ila 

i'rf~piiam it. 
 C,1lCO NIl, 

Stearie acid C1l3 (C1I1)Z, CUOII 
Palm it ic ae~ri Cl 3 (Cl 2 ) 14COOII 
Laurie acid C11 3 (ClZ) 0COOII 
Paraffin ii"aLx 

Dow polhglycols 

i.\nu'es (%,t percent) 
51.F percent Ihenzam ide 
A-4.2 percent benzoic acid 

2'. 1 percent propionamide 
74.9 percent palinitic acid 

3l.4 percent ammonoaiuni bromide 
66. 6 percent urea 

Transition temperature 
"C 

29-39 

32-36 

36 

31-32 

48-49 

32 

80 
79 

72 

63 

44 
38-66 

79 

50 

76 

°F 

84-102 

90-97 

97 

88-90 

118-120 

90 

176 
174 

162 

145 

111 
100-150 

vary 

174 

122 

169 

fleat of fusion 
kJ/kg Btu/lb 

1'P1 75 

247 106 

265 114 

251 108 

209 90 

242 104 

Cost (dollar';)
Den''s-- per 220 I 

kg/, 3 lb/ft' or 1000 11) 

1634 102 15
 

1442 90 20
 

1552 95 41
 

1458 91 10
 

1666 104 72 

865 54 150 

EXHIBIT 2-54 
 Latent Storage Materials
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There are 
serious limitations as to the number ot cycles during which
 
heat addition/extraction 
can take place before the chemic;.l mixtures
 
separate or break down and become unuseable.
 

Because of the great advantages of the latent heat characteristic there
 
is considerable research and development activity dedicated to practical
 
solution of this limitation.
 

Storage Tank Insulation and Installation Guidelines
 

Because of the intermittent nature of solar energy, storage is needed in
 
active systems to provide energy for times when the sun is not directly
 
available, i.e, during nightime and during cloudy periods. 
 The volume
 
and type of storage medium used is dependent on collector area, type of
 
system, and 
economic considerations. 
 Usually the storage medium is
 
large enough for all-day solar heat collection without decreasing col
lector efficiency and small enough to raise 
the temperature in storage
 
to a degree sufficient to meet heating load requirements.
 

There are several types of storage containers for possible use in solar
 
applications. 
Steel tanks are most appropriate for storage of high tem
perature fluids; fiberglass-reinforced plastic (FRP) is also applicable

but controls 
are needed to limit the temperature in the tank 
so that it
 
does not exceed a critical temperature. Concrete or masonry tanks with
 
an appropriate liner 
can also be utilized. For concrete 
or masonry

units, the foundation must 
be carefully considered because 
settlement
 
can cause 
cracks and the liner can be damaged if the cracks 
are large.

Prefabricated preinsulated modular tanks are 
particularly applicable 
to
 
retrofit situations as pieces can be easily carried through doorways. 
A
 
waterproof liner is also required in this type unit.
 

The exterior portions 
of any storage tank 
should be well-insulated to
 
prevent any heat loss to the 
surroundings. 
 Even if the storage tank is
 
placed inside the main building, the structure must be insulated because
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losses from storage to buildinQ are not controllable and may occur when
 

no heat load is present.
 

Insulation that is used should have a resistance value of at least R-30,
 

English units. Several types of insulation can be used, such as:
 

o Foam installed at factory:
 

o Batts installed on site;
 

o Separate insulated housing for tank itself.
 

The amount of insulation used is an economic tradeoff between cost of
 

the added insulation, and the benefit of greater retention of solar
 

energy. Tlie following equation from (KRE-3) can be used to calculate
 

the optimum thickness of insulation on the storage tank.
 

T = Cf T t k - Rok 
CRF (i,N)b 

TPt optimum thickness, feet.
 

Cf levelized cost of fuel.
 

T average temperature difference across insulation, deg. F.
 

t number of hours per year during which heat loss occurs.
 

k insulation thermal conductivity in English units.
 

CRF Capital Recovery Factory
 

b cost of insulation ($/ft thickness*ft 2 area)
 

R thermal resistance for heat loss in absence of insulation

0 

It was previously mentioned that it is important to insulate all exposed
 

surfaces of the storage medium. For cylindrical tanks the bottom and
 

saddle or leg supports are the most difficult to insulate. If a flat
 

bottom tank is used, rigid insulation may be used below it. Insulation
 

should be supported above the floor in all cases so that it will not
 

become wet.
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When tle storage tanks are placed underground, the insulation around the 
tank must :e a type that does not absorb moisture. An example of this 

would be neoprene foam. In addition, the tank should be placed below 

the frost line ,uiless a concrete-lineci pit is provided. It is important 

to remember that water and other liquids will expand and corntract with 
temperature differences, so open vents should be provided to prevent 

tanks from becnming pressurized.
 

Pebbles or crushed rock are commonly used in air-based sytsems to store 

energy. In such systems, hot air from the collectors flows through the 
bed of crushed rock where heat from the hot air :s rapidly transferred 

to the rocks. Pebble bed containers can be constructed of wood, 

concrete, or sleel enclosures. All cont-ainers must be designed so :hat 

they are structuLally adequate to prevent cracking due to weight of peb
bles or by settlement of te container foundati.on. To prevent heat 
losses, all wa]ls should be reinforced, insulated and the interior sur

faces sealed. Insulating to a degree of R-10 to R-3 (English units),
 

is usually sufficient.
 

2.3.2.5 Circulation System
 

In practice, for space heating the source of heat energy (coal, oil., 
natural gas, or soar energy) has little effect on the design of the 

appropriate circulation system.
 

Because water or air temperatures are often lower than that obtainable
 

with fossil fuels the size and extent of the circulation system may be
 

larger with solar energy sources.
 

Conventional baseboard strip heater installations are designed to oper
ate with hot water at temperatures of 71 0 C to 82 0 C. Temperatures in 
solar-heated stor;.ge tanks seldom exceed 660C. As a result either addi

tional baseboard strip heating surface area is needed or soiar derived
 

energy must be supplemented by an auxiliary source.
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In ducted warm air heating systems, the warm air from an air heater 
collector is used directly or if a water or liquid collector is used, 
the 	hot water is supplied from heat storage to a finned coil heat
 
exchanger in the main air duct and returned by pump to a tank. Air is 
circulated through the exchanger by a conventional fan or blower.
 

Galvanic Corrosion
 

Galvanic corrosion occurs when a combination of dissimilar metals and a
 

conductive fluid is used. Pitting and corrosion occur on 
the more
 

chemically active metal.
 

Corrosion can be avoided by:
 

1) 	Using a nonconductive heat transfer fluid such as silicone or hydro
carbon oil.
 

2) 	Using one type of metal for all metal parts throughout the system.
 

3) 	Using an air-to-water system with no dissimilar metals on 
the 	water
 
side.
 

Most commercially available heark transfeL fluids are sold with chemical 

inhibitors already added. Most of the common inhibitors used are sacri

ficial; the inhibitor is attacked rather than the plumbing. Therefore,
 

a regular maintenance schedule to replace the heat transfer fluid or to 

replenish the inhibitor as it is consumed is required. 

Freezing
 

Preliminary design should take climate into account. For regions that 

experience freezing temperatures in winter, a closed system that uses 

heat exchangers to transfer energy from collectors to storage tank
 

should be utilized. If conditions are severe, antifreeze treatment of 

the collector fluid circuit, insulating and heat tracing the system,
 

and/or "drain down" provisions should be provided.
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Maintenance Required
 

1) 	Periodically check antifreeze solution (if used), for chemical
 
breakdown and replace if necessary.
 

2) 	Check and lubricate pumps.
 

3) 	Periodically change air filter on fan coil unit.
 

4) 	Check liquid system filters and replace if clogged.
 

5) 	Check fluid levels in system.
 

2.3.2.6 Auxiliary Heaters
 

There are several methods utilized to supply auxiliary heat in a liquid
 

solar system. In the majority of cases, auxiliary heat is supplied to
 
the 	fluid stream by which heat is distributed to the occupied spaces.
 
With hydronic distribution heating system (i.e., baseboard strips, indi
vidual fan coils, imbedded tubing and cast radiators), a fuel-fired or
 
electrically heated hot water boiler 
is used. If a central heat ex
changer and ducted warm air ;.re used, auxiliary heat is best supplied by
 
a furnace or electric heater through which the solar-heated air passes
 

to the rooms.
 

In 	hydronic distribution systems, the auxiliary source is placed in
 
parallel with the solar supply from storage. Only one source is used at
 
a time. The series design is not used because some of the heat supplied
 
to the water passing through the auxiliary boiler would flow through the
 
primary exchangers and would be accumulated in the solar storage tank.
 
The resulting temperature rise in the solar storage container would re
duce collector efficiency and heat storage capacity.
 

If heat is distributed in warm air by exchange with solar-heated water,
 
auxiliary heat is usually supplied to 
the air by a warm air furnace in
 
series with the solar supply. In this design, there is not a possi
bility that auxiliary heat can affect solar storage. As a result, use
 
of stored liquids at low temperatures of 270C to 320C is made possible.
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2.3.2.7 Heat Exchangers
 

Simple Shell and Tube Counterflow Heat Exchangers
 

The 	addition of a heat exchanger into an 
active solar system imposes a
 
penalty on performance, since there must be a temperature drop through 
the 	device in order to transfer heat.
 

Optimum heat transfer would theoretically occur when the temperature of
 
the 	 exiting tube fluid equals the temperature of the incoming shell 
fluid. 
 However, this can never be achieved in reality. 
 The 	difference
 
in temperature between the entering shell fluid (T 3 ) and the exiting
fluid (T temperature2 ) 	 is called the approach temperature (T3 - T2 ). 
Most heat exchangers in solar system applications are designed with an

approach temperature of 	 10°F (5.60C). Larger approach differeIces 
result in smaller, less costly heat exchangers. However, in solar ap
plications, larger approach temperatures and a smaller heat exchanger

tends 
to 	increase the operating temperature 
of the solar collector
 
panel, thus decreasing its performance.
 

Most manufacturers of heat exchange units use computer routines to 
se
lect a proper unit based on the flow and temperature conditions speci
fied. To select a particular heat exchanger, the designer needs to pro
vide the following information:
 

1. 	Approach temperature, usually 10°F (5.60C).
 

2. 	Collector loop flow rate, usually 0.02 gpm per square foot collector
 
area, or 0.014 l/s*m2
 .
 

3. 	Q, collector energy atoutput specified design condition, kJ/s or 
Btu/hr.
 

4. 	Minimum storage temperature or the flow rate from storage through
the 	heat exchanger.
 

Exhibit 2-55 includes schematic diagrams of several types of dual-liquid
 
heat exchangers.
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wARrWD wATER 
_____________________________________ To STORAG.Z 

(A) SHELL-AND-TUBE -TYPE EXCHW4AER 
COLUTERFLOW STRAIGHT TU8E tHoT GLYCOL SOLUTION

FROM THE COLLECTOR'S 

tL 

HOT GLYC*L O.TN 

(B) SHELL-AND-TL&E-rYPE EXCHANGER
 
U-TUBE-TYPE EXCHANGER
 

TANK WALL 

STATIC LIOUID 

_ O GLYCOL SCLglOh 

C- IMMERSION- TYPE EXCHANGER 

EXHIBIT 2-55 Basic kinds of heat exchangers for dual-liquid systems
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2.3.2.8 Environmental Concerns
 

Materials for Heat Transfer
 

Many of the materials used for heat transfer and thermal storage in
 

solar heating and cooling (SHAC) technology are toxic or yield toxic
 

fumes during combustion or pyrolysis.
 

Freeze protection, corrosion inhibition and biocide type chemicals need
 

to be replaced pericdically. In addition, chemicals used in cleaning
 

and flushing the liquid-carrying components must be corsidered with
 

respect to handling and disposal requirements. Many of these chemicals
 

are toxic and need to be properly treated before they are disposed of.
 

System leaks, overheating, fire, accidental spills, or improper disposal
 

could present hazards to the users, chemical manufacturers, maintenance
 

workers, and terrestrial or aquatic ecosystems. To a lesser extent, the
 

same consideration must be given to insulation, collector materials,
 

glazing, and sealants.
 

Exhibit 2-56 summarizes current information on the toxicity and flam

mability of many heat transfer fluids, heat storage materials, and ab

sorption refrigeration fluids used in SHAC systems.
 

Toxic Effects of Leakage or Improper Disposal
 

The most common heat-transfer fluid is water. Common rust inhibitors 

and anti-freeze additives are ethylene glycol/corrosion inhibitor
 

mixtures, such as used in automobile radiators. They are moderately
 

toxic.
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Cnerrical Substance 
 Toxicity 
 Flarability
 

Heat transfer fluids
 

Dimethyl siloxane 
 Low toxicity, although temporary Low hazard; flash Points range
polymers (Dow Corning irritation caused by direct con-
 from 30 to 575°F, depending on
200) 
 tact with the eyes. viscosity.
 

Aromatic hydrocarbons Moderate; comparable in toxicity 
 Low hazard; flash points above
(Monsanto tnerrninol 
 to light mineral oil; toxic if 
 300 0 F.

flulos, e.g., 
 Ingested; mildly irritating if
 
tnerminol 55, 
 contacts eyes; vapors mildly

tnerinol 60, irritating with prolonged

tnerminol 66) 
 exposure.
 

Dietnyl benzene 
 Moderate; comparable in toxicity Moderate hazard if-in con:act win
(Dowtherm J) 
 to kerosene; toxicity comparable 
 a source of ignition;-flash point:

to therminol fluids. 
 145 0 F; fire point: 155 0 F.
 

Paraffinic oil 
 Low toxicity; a laxative; may 
 Low hazard; flash point greater
mixtures (Dowtherm cause aspiration pneumonia 
 than 440 0 F.
 
HP) -


Ethylene glycol 
 Toxic if ingested; low toxicity 3light hazard if in 
contact with
otherwise. 
 a source of ignition; flash
 
point: 232 0 F.
 

Flucrocarbons (e.g., 
 Toxicity unknown but 
believed to 
 Very slight when exposed to heat
Dupont freons., sucn 
 be moderhte, 
 or flame.
 
as freon 113)
 

Solar system heat
 
Stora:E rIter 1a 

Salt hydrates (e.q., Materials that have been tested 
 Materials are nonflammable and
sodium sulfate were chosen for low toxicity. noncombustible.
 
decahydrate)
 

Diphenyl Moderate to high with respect to 
 alight hazard.
 
inhalation and ingestion.
 

Dtphenyl oxide 
 Moderate. 
 Moderate hazard when exposed to
 
heat or flame.
 

Absorotion refrigeration
 
fluids
 

Ammonia 
 Moderate toxicity with respect to 
 Slight hazard; when heated emits
 
irritation and inhalation; severe toxic fumes.
 
toxicity with respect to 
inges
tion; vapor can cause skin burns.
 

Lithium hydroxide 
 Moderate toxicity with respect, 
 No flamability hazard.
 
to ingestion and inhalation; see
 
sodium hydroxide, below.
 

2-ethylhexanol 
 Slight toxicity. 
 Moderate hazard when exposed to
 
heat or flame.
 

Sodium chromate High toxicity with respect to 
 Low fla"rability.
 
irritation, ingestion, inhalation.
 

Sodium nydroxide Moderate-high toxicit corrosive 
 Low fla-r,aility ,iazaro.
 
action on tissue causes burns;
 
vapor can damage eyes; innalation
 
can 
damage upper resp~ratory
 
tract,
 

EXHIBIT 2-56 Properties of Solar Heating and Cooling Working Fluids and
 

Heat-Storage Media'0
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Lithium bromide 
 No toxicity prole reported; No flanrability harard.
 
toxicity low 
in smell Cuantities.
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One situation in which their toxicity could become significant is that
 
glycol mixtures on one side of a heat exchanger and domestic hot (pot
able) water on the other side. 
 Obviously, leaks could contaminate the
 
potable water. 
 This problem is discussed further under "domestic hot
 
water" systems.
 

Given a large number of SHAC systems, periodic replacement and the ulti
mate disposal of large quantities of ethylene glycol solutions into
 
municipal sewage systems would 
impose a large organic or biological
 
oxygen demand on the local water treatment plant. Unsupervised disposal
 
of such materials on land 
oi: in the water may contaminate potable
 
groundwater or affect aquatic ecosystems, and contaminate soil.
 

2.3.2.9 CIOTROL SYSTEMS FOR ACTIVE SOLAR SYSTEMS
 

Introduction
 

Controls in active solar systems have two main purposes:
 

1. 	To effectively regulate the collection 
and distribution of solar
 
energy.
 

2. 	To effectively operate conventional auxiliary heating system in
 
conjunction with the solar system.
 

A properly designed, properly installed, and properly calibrated control
 
system will ensure that the maximum amount of solar energy will be col
lected 
and that the heating or cooling load of the building will be
 
satisfied as needed. Control systems 
regulate collecting and storing
 
solar energy devices, such as pumps, blowers, valves, and dampers.
 

ine 
-esign of control systems is very complicated and beyond the scope
 
of this reference notebook. However, is
it important to basically
 
understand how control systems operate. 
The 	basic components of a typi

cal 	control system are:
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Sensor - Comparator - Output Device 

The comparator receives information, typically temperatures and pressure
 
differential data, from the sensor(s). Based on that information, the 
comparator "decides" what action is needed and then acts upon the appro
priate output device, i.e. a pump or valve.
 

Control Arrangements
 

Designers of control systems take one of two basic approaches.
 

A. For each control operation, sensors, (including thermostats and
 
pressure devices) and operating relays are used to engage or disable
 
pumps, fans and valves, etc. The thermostat or pressur- detector
 
acts as the sensor and the comparator. Typically, separate 
sensors
 
control different operations of the solar system. However several
 
sensors and comparators can be pre-set or interconnected, so as to
 
perform multiple operations in a system.
 

B. A microcomputer is used to control the operation of the solar sys
tem. The computer receives information from sensors located at
 
critical 
points in the system. Based on sensor information, the
 
computer decides which action is necessary and controls the
 
appropriate output device. The microcomputer can vary in complexity

depending upon the number 
of sensors, number and type of actuating

devices, and the desired inter-relationships of the components.

Simple designs can result in a microcomputer "board" 20 cm x 30 cm x

40 cm in size, to a unit 1 meter 20 cm x 10 inx cm size with
illuminated indicators that display valve status (percent open or 
closed), temperatures at critical points, etc.
 

The advantages of a computer system include:
 

1. The use of a computer 
as a comparator permits a more sophisticF.ted

analysis of the data available and a greater degree of automation.
 
It is possible to make more intelligent decisions in operating such
 
a system and therefore the efficiency is maximized.
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2. 	On/off set point ranges and other control parameters can be changed

from the computer control rather than adjusting each individual
 
thermostat.
 

3. 	In addition, self-diagnostic routines allow the computer to sound an
 
alarm in the event of component or system failure. The computer can
 
also compile and analyze performance data.
 

Solar heatirg or cooling systems must compete with long established
 

conventional technologies which meet the same purposes with fossil
 

fuels and electricity, which also are generally less costly in capital
 

investment requirements.
 

The state of the art 	for 
these existing and widespread conventional
 

systems is such that very little knowledge of the theory their operation
 

is required by the owner/user.
 

In 	areas where solaL energy has made significant market penetration
 

trends have favored the 	simplest, most automatic solar installations.
 

Sophisticated systems that use microcomputers are employed primarily
 

where operational data are required.
 

Description of Typical System Components
 

1. 	Thermostat
 

a) Indoor space: 	 Control of the area temperature within the
 
living space for heating and cooling opera
tions.
 

b) Two-stage space: 	 One stage involves the choice of heat from
 
the collectors or from thermal storage. The
 
second stage takes over when the solar sys
tem is unable to provide for the load de
mand; the auxiliary system is then enabled. 
Thus, the auxiliary unit is used only if the
 
solar energy system is incapable of supply
ing 	demand.
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c) Outdoor: 	 Measures outdoor temperatures and determines
 
certain logic sequences. For example, this
 
type of thermostat may prevent the auxilary
 
unit from working until a certain outdoor
 
temperature is reached. This is called a 
"wait let us se" circuit. "Let us make 
sure it will be cold enough to need auxili
ary heat in an hour or so." 

d) Differential Temperature Controller:
 
Measures the difference between two tempera
tures. This temperature difference, delta
 
T, determines whether action is taken by
 
some output device. For example, some blow
ing or pumping sequences are started or
 
stopped depending on the value of delta T or
 
temperature difference. 

e) Temperature Controller:
 
This thermostat initiates an action whenever
 
the temperature at a specified location
 
-rosses a predetermined set point. Examples
 
include freeze protection, overheating pro
tection, etc.
 

2. 	Timer: Determines minimum cycle time that might occur 
during system start-up or shut-down. 

3. 	Control Valves: Required in a liquid-based system. Controls the
 
movement of liquid about the various loops. It
 
is operated with settings dictated by the thermo
stat.
 

4. 	Dampers: Required in an air-based system. Diverts or 
restricts air flow to provide the various modes 
of operation. 

5. 	Economizers: Determines when the outside temperature can be
 
used for cooling.
 

6. Relays: 	 Converts on/off signals from the comparator de
vice to a sufficient energy level to turn on/off
 
blowers and pumps or open/close dampers.
 

7. 	Sensors: Devices to measure temperature and occasionally
 
pressure or flow. Temperature sensor types
 
typically include:
 
a) thermocouple
 
b) thermistor
 
c) silicon transistor
 
d) bimetallic element
 
e) liquid or vapor expansion unit.
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8. Transformers: Convert line voltage (120 or 240V) to lower vol
tage.
 

Control Systems
 

Solar energy control systems design is dependent upon existinq facili
ties (if any) that will 
be included in the final configuratiorn, the
 
nature of the solar components, the insolation data for the site, etc.
 

In a notebook such as this, a definitive discussion on this topic is not 
feasible. There are a number of books, referenced in the index, which 
should be used by a reader who is interested in more information. 

We hav,: found that Marian Jacobs Fisk and H. C. William Anderson, in 
Introduction to Solar Technology, present a particularly concise and 
clear discussion. Attached to this volume, as an appendix, is an ex
cerpt from the book which illustrates why we have arrived at this opin

ion.
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Fig. .5.10 Dtlll syste laid (,llii using a ss!evili-l1 w lilap): (Ja sVsii-lhlv 
nia ), (U i)( xi.,.sildl , (h1(l lilIlui 

have dhraw nl Iii \,(III[, iiltliollNow~t we/t a dol ill lheNiltcm~t' w ill notii ll 

as drawi. II each illoxc (le airilmusl take a dil it It j141li Illlin li til 

s 'slell. \W e need to pUt danpurs in slrategic places to direc and switch 
il airflow. We ied dampers so that we can switch l the 1 f'shmill 

one mode to aniother. ('al ves performithis tilcioil for liquid s*'stellis.) 
The! e am e three ba.nc classes of 'daipe' . A backdrati danliper is 

chosen vheneer possible. A backdral Janlaper is like a one-wav air 
v'alve. Air can hflow through U in itone dir.cliail, but not iin the reverse di-

L- .itC) d 1 iC II11 I1"I )O5I'tC , o ll. T(J '( 1,1111) T, 1CII ti l h C ;ilII H )\ L'N illill'I)LI'1 

revntd ili(lnsdivli Ilild it lIwivci helte, air i i l (if 1e a Illlii A l'ii'imll 

botll directions Sr'111tlliCi.e a backdrall dlniper is not entough (ii(.does 
Iol alh\' elliugh contllll (It' the ailulo. Ntilized (hilll 1 is re exal e-

SiVe an nIli :st be ')iiul!cdc bY electric signaLh, like falls. Sometimies a 
duct will have to be opened or closed so seldom that it ilia' be acceptable 
to do the job b' hand. Then a manual daimuper ma' be used if it is not toro 
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inconvenient. In small systems and in areas where essentiallh no heating 
is needed infhe surnmer, a svsteii Ilita' ie designed to ie nianlill ,v.w 
for summer operation. Manual dampers can eliminate tle expense of 
several motorized dan-ipers. relavs. and associated ecpIidpntnt. 

For example, perhaps sone late spring daY an al;ii will sounld, in
(icating that the hL tlhe storage lIttl(llul is flillililding is ltat of 
Ival, an Itlat the Wttio'w)t tLr of Ii; is to va' ti'1t111h'l.('.h risingi 
o'erheatsng point. As the alarn somids. the s'vsten mighlt also send 
nevly collected heat into the bliilding-thtr safi.-ty, aml as an additional 
hint to set the svstem for simimer operation. This is dopc 1v op)Cig 
and closing sonic manunal d-mpers and flipping sonic switcies.- -

Deciding on th,. type and placement of danijers is largely a niatter 
oftrial and error. Each illode in List be traced throu gh the s\-stelt so we 
can determine which ducts need to he shlti oflidtiring that lutodc. As out 
mode is traced, it night be decided lhat a hackdraft d;ttipet is ticeth.ul i 
one duct. Later, as anothet mode is ti-aced, it uight be ti'-tMcl that the 
backdraft damper is not sitflicient and that a nlio(totized danij icr is 
needed for more control. If two notorized datmpers are retlired al li 
,itne inlt,"-section, sometimes a double 1 (torized dali ,rwth a sittIleh 
motor can he used instead (Fig. 5.11). TIiis drawing shows two 
motorized, tw'-wa.v dampers and three backdraft daipers (1wrllalps tihe 
cloth type). If tlie system piclued here looks faiili;r, it is hecatise it is 
very similar to the basic air-type systeu shown inFig. 5.4. 

It should always be v'erified that the s\'steiii la yoi will work.even 
if a pullisher] system layout is chosen. A separate sketch tuf the sYst rl 
should he made fb)r each mode, indicating where air (o- lirl it)thtivs. 
which damers are open, and which eqjtulpttet is t(. The sketches in 
Fig. 5.12(a-f ) 'e-ifV that Our- example s'steni wil! h ctiti. 

Fig. 5.11 Exaniple of a completed layoutl fbr an air-type s'stetic. 
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5.3.3 Controls Design 

Once the equipment needs are known and a s*ystem diagram exists. it is 
possible to specify an electronic control system that will automatically 
adjust the system to meet changing conditions. The control svstem 'de
cides" which mode the system should be in at an' given time. and then 
switches on the appropriate equipment. As show.'n in Fig. 5.13, a basic 
control system has three parts: sensors, a control circuit, and electronic 
switches. The sensors (such as thermostats) detect the various tempera
tures and other conditions. The control circuit, or logic circuit, "makes 
the decisions" and turns on the appropriate equipment. making use of 
electronic switches isuch as relays). To specifY a control system means 
to: 

'ig. 3.13 The three basic Electronic 
)arth of a control system. Sensors switches 

ControlTurn onCono pumps. fans,
circuit 
 [ motors, etc. 

£-- -

IRelays)(Thermostats

switches, etc.) 
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perature in the building drops below the set point, the thermostat 
switchei on, which sends offa 24-VAC signal to a relay, which turns the 
furnace on (Fig. 5.14). 

Fig. 5.14 Converitona)-heating.svstem thermostat: (a) basic operation:
(b) heat anticipator, a common feature. 

Thermostat-]7 

close%switch Heater 
when temperature or 

I falls, furnace 

_Relay 

F IWhite wire 

24-VAC Lt7 

Electromagnet
supplycloses switch 

when it receives 
Transformer signal 

High. 
voltage 

(a) 
 power 

- - Thermostat 

I Anticipator' 

LJ 
White wire 

To furnace 
relay 

Red wire F Blue wife 

24. VAC 
power 
Supply 

(b)
 
'The anticipator is a tiny heater that heats up the thermostat to speed up theheating cycle Heat from the fuinace takes time to arrive at the thermostat. The 
anticipator helps the thermota: t. nticipate" heat's arrival. 
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Table 5.2 The Status of Each Piece of 

Equipment During Each Mode 

Motor I Molor 2 Fan Furiiace 

Mode I On On On OfT 
Anth-2 On On On On 
,NMdr.. On Off (l OIt" 

Afivie 4 Off On On ()11 

Al.rI .5 Off n On Oin 

Alwire 6 11 011fltt* ( In 
Mode 7 OfT Oil 0t1 Of] 

The second slep in specifving a control s%,stem is to list preciselc 
which pieces of equipment should be activated during each sYslem 
niode Usually, for simplicit y.s vslems are designed so that tile equil
ment is either on or of. The fan is either running or it is not. A d-Ii eir 
is either piowvered (in t hf open position) or it is of! a spring rettrw it to 
the closed position). One exce)tion to this is prnpol-tii wo comlini, il 
which the speed of a fhIn or pump is varied to niatch the amonoit nifsun
light available. We can specify wh at equipment is activati.d fin each 
mode bY niaking a table (Table .5.2). 

Example For lhe following air system, specifY what equipment is on all( wlat is 
off for each mode (Fig. 5.16): 

Mode 1:collectors to rooms 
Mode 2: collectors to rooims, wilh backup 

Mode 3: collectors to storage 

Fig. 5.16 A complefe basic air-type systemn. 

(Off (Off)l 

Cctoro I Backup 
array-fr 
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"'.Flc 5.3 

Mode I 
A\loe 

A4loit 3 

AlhtI, 4 

hlf . 5 
Mode";6 

,lu " 

Mode 4: storage to rooms 
Mode 5: storage to rooms, with backup 
Mode 6: backup heat only
 
Mlode 7: standby
 

Solution Let 
us define the "up" posirion for each damper, shown in) rig. 5. iiIn' 
(ihe -" osilioll. When
off and no 

all power is Ofil,the Slll'ragt, chianl.'i. i.S eb-,'dhot air can leak out. We can themake a' table (hat slhow,.s
status of each device during each mode (Table 5.2). 

The final step in specifying a control -;ysten is to put all the. m'im.tion that has )eiln developed into one table that caim bv refleret11( ',i.il,.Table 5.3 is a table fblr the sN,,tenm shown in Yig. 5. 1(. First, ite modl'.were listed. Second, Sensors were decided upon Jor rec i,gli::ing eachmode. IThird, it was decided whicl equiplent mst be ml Ill e',chlode. Four'lh, all of,tile init'rulation was lt;,bctlmel. W il lii, ildl , Icotl)elent elect'ical erpineer should readily be ablelto (1e.Sign ,d Col111
logic circuit that will meec these slpecifications.

Table 5.3 appeals to be complete and it lear'v is, bili an elcl icAld engineer is likely to find some inforn(ation missing or not (tiile acculale.The first time a contr'ol circuit is specified, itisvery ditliclill to tillagint, 
Iasic Cornlrot-Circuih Specificatioi* for Sy.sen ini fig. 5.16 

Lctil ipowll St a I .s,, 
S .nmi.l, Nvte'dmlt'm S1t 1( OiSen'l l'l. Ah)IOr I AIo:or2 Fill1 'lulnlim-1. 

N',, T.,, jX'W, , T, on, ,V. off Oil Oi Otl ()I' %V, T, W. il, T, on On (n On OnWV,,T,, WX,ot, "F on On Off O i )l"W,, T,, T., I'l W, on, T,offl, T,on, W.. oftf OI' Oln Oi Off 
V , '., ,T. W. on, T, on, T, on Off O l Oil 11W.. T,, T., T,I W, oil, T, off, T. oft, 
 Td o fl " il ' Off Off 

,, ,, 
 L WXol', T, off Off )IF 

Oi 

Of" 11' 

Definition 

Xs', = fiit-staget he']long thermostat; oi when :fla"r het reqirived 
XX uc'.ond-sage hee ting Ihel Ol Wheulllosal; hackiIp heat ,'tlit'1e 
T, = collector themostat; on when collector templerailme > 75"F (570 C)
T. = StUra~ge thet os;at O3I31 'lwhent ste o 

Tal z diftve nhial / 

1 s etl),,letaille > 75O1- (57 C)
i/lic lcti.,latl; oil w hen t'rlletchn Iclllpll(i.iflt, > 1itl-l'h l. 

"p|.attite . 5 Y t1t\hci t l el((l I('lltjtl-mal llic3' < sol .ag Itlll ,'lalllr t 
4 C,3(;' i ,f(d a.trmll,,l Jlim g -1 ijll i (tI4.glirlll 1 .1l l ctill 
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every possible combination of'snsor states that can occur. But the engi. 
neer will find and consider every possible state while designing tile cir
cuit. AnY errors are likelv to be cmlghl in tIis phase ofdesign. 1Er-,ors 
are not always caught, however, and it is important to renliilhetr that 1a 
systern having poor controls or lxd hgic wzsies solar ewrgv I01;I1 it 
could4 lherwise he using. 

ihe contr1ol circuit. or logic circuit, is tlhe "brain' "t aii\' svslenl. 
Most active control s'sten|s are simple enough so that fle con! :ol circuit 
can be bullt from a few relavs. L rger svstells IlIaV require nic
i'ocessors or wuher soldn-stale circt iiry, bilt basic s'stenis ()t l: do not 

Ibenefit fron Ile Is: of solid-state elect|'nnics. 
A relhv is an elect rically ,nivered switch. If the coil is stilppfierl with

cirenl, tle switch will close (Fig. 5.17[a]). Most relavs are douhlc-thi'tw 

11g. 5.17 \'arious Ivy w. otfrela vs: (a) a iornally open switch. (Ii a inrmall,,
('l.sei scvilc , (c)a lilce-svitch (thbree-pole) relay. 

rower Symbol: Conirol 
-. Power signal 

ine 

Switch closes I PowerI 4P I Iwhen coil line 
L J receives Dower. I tine 

0Control 
signal (a) 

Symbol! Control 

F  signal 

i pi Switch opens,whencoil 0 lerPoe 
L _ _ _ JI_ receives o er.line 

(b)
 

F - 1 Symbol: Control 
II signal 

0-- --- .-- 0Power 

I I All switchesL ~close l0 lnesI when0 

coi receives 
-- _ power. c 

(c) 



types, meaning thai they can also be wired so that the switch opxns 
when tI coil is supplied with current (Fig. 5.1711). Logic 'ircilia.-, otit il 
have relavs with more than one switch or pole (Fig. 5.17101. 

.A simple relay' control circuit is shown in Fig. 5.1!.). Ti: t-iic'tnit 
could be used to control the basic air-type system shown il II,. 5. l). It 
matches thIe contnrol circtuit that was specified inl "'abl 5:. I' ir, *v 
control cir'cuit consists ofonly' ti,' relays. It is best under.tJ()(d it wv. (
serve that: 

I. 	 LEAIl l)iL'eL! ( t'(I1 IIl cnlt canll receive )owel o)11]v illl- iig; t . iillhi-
Il1WiOlt ()1'switches i ch loSed. 

2. 'he sors close the switches (i.e., the SenSOr's pr\ovidi. th 'llecon 
signals that energize the relaY coils). 

Fig. 5.18 A .iiple relay-	 Inputs from sensors 
lypt J Cou l \'l lenv WI T, Td T W2SI I II 

I 	 Ibackup 

" furnace relay 

Power I 

_,_ _, 	 To molao-44 '0To motor2 
Power I I f 

Power ISI 

t I 	 Tafa 

I 1I 

Relay I Relay 2 Relay 3 Relay 4 

first-stage (solar) heating 

W second-stage (hackup) heatingT collector Thermostat 
T s tborage thermostat 

Td differential thermostat 
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5.4 A W'ORI ABOUT 
OISOLEsCI;NCE 

Therefore, it takes the proper combination of sensor inputs to turn oil 
any piece of equipment. For example, during (he collectors-t o-rnomis
mode we want motor I to be on so that the collector damper is open.
When W, is closed (building needs heat) and T,. is closed (collectors are
wvarm), the s 'stenr shoulrd he in the collecors-to-rooms mode. rigure
5.18 shows that when these two switches are closed molor I does re
ceive power.
 

The relay-tvpe control 
 circuit in Fig. 5.18 was designed( using ihe
'irnicililesof log'Ic 1l'. ipl. This is the field of the electrical engineer, and 

is heyond the scope of this book. For nmore inbri-uathm. refer ti Ihe 
FBiblingraphy at the end of the chapter. 

Once a solar heaing systrem has been fRdh, slpecitiec and lni t. 
and once the contrml cncuitr v has been thought oul U is ime iobegin
the final phase ofdesign Collector arrays, fns. pulmps. ducts, pilpes. and
heal-storage urits must all be sized to fitthe building, and detailed svs
tern plans nitust be drawn to scale. One this phase is comldetc. ile s's
tell design is complele. 

In a field such as solar heca ing, where new advances are a dailv occur
rem, hiw is it Pciseil) ton know that a svsten installed toda' "will not 

Ie olsolcle in 1(1 years. 5 years, (o even 2 .earn' It is not Imssilne. Manyv 
areas arc UiInder sidyv anI we cannot guraiie, that lher'e will Ie no
major breakthroughs.'N nry inmpiortant disroveriv:e~ likely ifbe 111a04.
 
ivillin 10-20 Years. VuNd;rv"s exotic imr;itils airl rutlls 
 will Ihe Inrha.
 
pract ica1.
 

The systenm or c(iml)onenlt th1a1 becolres olbsolele (oes not nIece's
slrilv oske its original xnhre, however. An automnobile na'v beeonme "ohr
solete" within five \'ears, yet it will cerlainl*v reina ill running oirder ifwell maintained. A comuter Inla, have lost 95% ofits resale value in 
seven years, vet if it can slill pierform Ihe jobh it was originallh set tlito

don and if' tIe owner 
 lnlgll a large enough sysinr Ino lugill wilh, it
should retain its original value for that owner. The important point is
 
not whether a 
 thing will become mitated and orIi "buntllhelwr
it was properly chosen to begin with arid conrtini( to fulill its original 
purpose. 

Consider heat-storage technology. Ton, l he tw nuns ecnomical
solar-heat storage units are) a tank otwale' ;n(t2)a In ofrocks. Both 
units art fairly large and heivy, yet bo(h work well arnd will conitinure to

wyork well fbr many year. Iit
is likely that melhods fin- storing sol;rr heat 
inreversible chemical reaclions will soon be discovere. which will dra
malicallv redhuce the size and cost of'heat-storage units arid posidl even
reduce the comnplexily of solar-heating svstenrs. )in sl auithat
buildings tlhal now have rock or water storage will bIe lincerl fo scr~nl 
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3. 
PASSIVE SOLAR BUILDING CLIMATIZATI(N
 

3.1 
 Overview of the History of Passive Solar Design
 

3.1.1 Definiiton of Passive Solar Design
 

Passive solar systems are currently defined as follows:
 

Passive solar 
energy systems are methods for heating 
or cooling

buildings 
in which thermal energy from 
the sun 
flows by natural
 
means.
 

A more meaningful definition might be the following:
 

Passive 
solar systems are an alternative approach to 
building de
sign. The structure and surrounding climate 
are treated 
as one
 
system. 
 Passive solar buildings are designed to 
utilize on-site
 
energy flows (wind, solar insolation, vegetation) to generate condi
tions of comfort.
 

Passive solar systems are incorporated into the building's architecture.
 
Architectural 
components 
serve multiple purposes; for example, a wall

provides structural support 
as well as 
a thermal storage medium and
 
energy absorber. In 
contrast to active solar systems, passive systems

are not easily added to existing structures. Passive designs take advantage of the physical and and thermal properties of building materials
 
(absorption, heat capacity, density, conductance, reflectance) 
to col
lect, store, and transmit heat and to provide adequate ventilation.
 

A properly designed passive 
structure 
permits thermal energy 
transfer
 
into and out of 
the building envelope, into and 
out of thermal energy

storage, and around and through a conditioned space without the use

mechanical power. 

of
 
A fan or other motivating means may be 
added to a
passive system to improve the energy transfer or to provide an addition-
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al level of control over 
the amount and time of such transfer. Systems

of this type are sometimes referred to as "hybrid". It is important to
 
erlphasize that a 
building need not be exclusively passive or exclusively
 
active in design. Combinations of the 
 two designs often produce
 
structures which are ultimately more efficient in providing year round
 
interior comfort conditions.
 

3.1.2 
 Passive Solar Versus Building Practices in the Recent Past
 

Passive solar technology does not represent a new concept. 
 Only in the
 
20th century, with the invention of modern central space conditioning,

fluorescent lighting, and complex 
fluid distribution systems, have ar
chitects effectively designed buildings 
in which 
areas with different
 
functions are 
not thermally and visually undifferentiated. These build
ings, with sealed interior environments, 
require large quantities of
 
conventional energy to maintain constant temperature and lighting lev
els. 
 High energy prices make such design methods economically undesir
able.
 

The passive design process manipulates building form, orientation, and
 
building materials to offset conventional energy needs. The design
 
process requires 
trade-offs and compromise. Application of passive

solar technology is not limited to residential single-family structures,
 
but may be adapted to 
fulfill the needs of multi-family and commercial
 
office buildings. Design priorities for these three types of
 
occupancies 
differ. Single family residential structures are 
often
 
termed "skin dominated". 
 The chief concern for single-family dwellings
 
is to use on-site energy to overcome heat loss/gain through the building

envelope. Commercial office buildings 
are 
"internal load dominated".
 
Here, emphasis is placed on removing heat that is generated by lighting,

building occupants, and equipment. Multi-family structures have charac
teristics in the middle of 
the spectrum. Because 
of shared interior
 
walls, individual 
units have less exposed surface than single-family
 
structures, and consequently have lower 
heat loss rates. However,
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shared walls result in poor natural lighting and inadequate cross venti
lation. Passive solar design must 
ultimately be tailored to the needs
 
o' the individual building.
 

3.1.3 
 Brief History of Passive Architecture
 

Before the advent of modern central space conditioning systems, building
 
design interfaced more easily with the 
outside environment. The only
 
way to create 
an acceptable indoor environment was 
to adapt a building
 
to its climate. Variations in weather conditions and building materials
 
resulted in 
such diverse solutions as 
Arab sunscreens and ventilating
 
towers, native Amnerican adobe dwellings, and ancient Greek and Roman
 
cities. Indeed, passive solar design 
has a long and rich history.
 
Local influences and cultures 
produced varied forms dependent on dif
ferent building materials. Exhibit 3-1 illustrates an example of "pas
sive" design incorporating evaporative cooling.
 

One such example of a building design which responds to local climate is
 
the Eskimo igloo 
(NEW). Local building materials are blocks of ice
 
which are used as masonry units. 
 The form of the building is a hemis
phere which minimizes the exposed surface area. 
 Insulation is provided
 
by 
snow piled up high against the structure. Infiltration losses are
 
reduced because cracks between ice blocks are sealed due to melting from
 
the interior heat. 
Building location is considered also; a single shel
tered entrance is oriented opposite from the prevailing wind. Thus this
 
local "passive" design combines compact volume, insulation, and orienta
tion to maintain interior comfort.
 

Underground structures in southern Turkey and Iraq utilize the available
 
resources of earth to provide effective insulation for heating and cool
ing. Tle high heat capacity of earth 
retention is especially important
 
in arid climates where significant diurnal temperature swings exist.
 
Adobe and mudbrick buildings in the southwestern region of the United 
States also utilire the thermal pLoperties of earth to keep the interior
 
of a building cool by day and !..,arm at night. 
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Another local response to climate and material availability is repre
sented by the Trulli houses in southern Italy (NEW). In these struc
t, res thermal mass and compact volume are combined to generate comfort 
conditions. The available material is stone. 
 The buildings are conical
 
in form which is effective in reducing exterior surface area. Built
 
without the use 
of mortar, each structure consists of progressively 
smaller stone rings. The heavy mass generated by this technique has 
high heat absorption and storage capabilities. Exhibit 3-2 is a photo

graph of a Trulli house. 

The final examples of existing "passive" forms are the wind tower and
 
wind scoop present in Arab and Indian architecture (NEW). Wind scoops
 
are incorporated in these tall thin 
buildings which face prevailing
 
winds and deflect air into a channel within the walls of the building. 
Conduits are located within the interior wall and therefore are pro
tected from solar radiation. As the conduits pass through rooms and 
eventually into the courtyard, warm air is pushed 
forward and upward.
 
Wind towers are slightly different 
in that they face all four direc
tions. Individual funnels are provided to intake and exhaust air. The
 
windward face catches and directs air inward and downward; consequently,
 

suction is created at the leeward side which draws warm air out from the
 
interior, effectively cooling the building. 
Exhibit 3-3 is a photograph
 

of a wind tower.
 

From the preceding illustrations, we can easily conclude that what we
 
call passive solar design is not new. Rather, it is a return to more 
appropriate building design. Exhibit 3-4 
illustrates a modern office
 
building that is "passively" designed. Note the shade control devices
 
and the fact that all of the building's faces are not identical.
 

3.1.4 Energy Conservation Versus Passive Solar
 

3.1.4.1 Difference Between Approaches
 

Today's building designers are creating structures which use less con
ventional energy. Probably the most successful method to reduce energy 
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EXHIIBIT 3-I. Anl interior fountain at Beited-DiL-, Lebanon provides an 
example of comfort control that is practical, energy-efficent, and beau
tiful. As water runs across the mosaic tile, it evaporates to humidify, 
and thereby cool, an otherwise dry climate. (NEW1) 
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An example of a Trulli house found in Southern Italy.(NEW)

EXHIBIT 3-2. 
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EXHIBIT 3-3. Examples of Wind Towers (NEN) 
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EXHIBIT 3-4. The 
TVA Office Complex in Chattanooga, Tennessee, USA.
 

(NEW)
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consumption is by applying energy conservation techniques such as 
insulation, weatherstripping, and application of vapor barriers. However,
problems arise if energy conservation is the sole concern. One of the

reierences 
(ROU) has noted that designing buildings with energy conser
vation as the 
chief and only concern 
is like designing 
a good thermos

bottle. in that instance, the goal is 
to thermally isolate the interior

from the outside environment. Thankfully, buildings are not thermos 
bottles; 
the function of a building 
is to provide an acceptable living

and working environment for people, not solely to retain heat.
 

If focusing on 
energy conservation 
alone 
is not the answer, how does
 
passive solar design fit into the overall building desigrn equation? As
mentioned previously, eneroy conservation designers often view a build
ing as 
the sum of its energy saving components. Frequently, the effect

of solar energy absorbed by the 
building envelope is forgotten or ig
nored. As a result, many of 
these buildings experience problems 
of
 
glare and overheating.
 

Passive solar designers view buildings not as 
the sum of energy saving

devices but as 
a system which "taps" into and takes advantage of natural
 
energy flows. 
 Building siting, orientation, landscaping, building form,
glass placement, material selection, and color selection are all impor
tant variables in a passive design. 
 Rather than ignoring the surround
ing climate, passive designers try to incorporate the building and surroundings into a unique system to achieve acceptable thermal and visual
 
comfort. Exhibit 3-5 
illustrates how microclimate and internal 
loads
 
can provide a portion of the energy needs of the building.
 

Occasionally, the term 
"passive" may overlap with some energy 
conserva
tion definitions. 
 Energy conservation in buildings reduces energy con
sumption, whether the conserved energy is renewable (e.g.,solar) or non
renewable (e.g., 
fossil fuel). Although solar energy systems can reduce

consumption of 
fossil fuels, they are not 
generally regarded as 
energy

conservation systems since they do not necessarily reduce the building's

total energy use. Nevertheless, energy conservation practices and mea
sures are important components of all efficient passive buildings.
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EXHIBIT 3-5. Example of How Microclimate and Internal Loads Can Provide
 
a Portion of the Energy Needs of the Building. (ROU)
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3.1.4.2 Energy Conservation in Passive Buildings
 

Passive solar heating and cooling methods extend our understanding of 
energy conservation and of designing 
with nature instead of against
 
nature. 
 Countless pages have been written on both the philosophy and
 
the applications of energy conservation and of climate-responsive and 
site-sensitive design. 
Although this subject is not discussed in detail
 
here, a few observations on the relationship between passive design and
 
energy conservation are in order. 

Energy conservation is the best first stop in thermal design of build
ings. 
 This makes sense from both an economic standpoint and a practical
 
engineering standpoint. The procedure 
for determining the optimum.

amount of energy conservation is no different for passivea or active 
solar house than for any other building. Insulation 4:, added until a 
point of diminishing returns is reached or 
until the cost of additional
 
insulation begins to exceed the life-cycle cost of the fuel thethat 
added insulation will save. 
 The same procedure is used for determining
the optimum size of the required sola, energy system. Its size is in
creased until the cost of additional collection area, cost of storage, 
and all of the associated system costs 
begin to exceed the life-cycle
 
cost o 
the fuel to be saved from increasing the system size.
 

By reducing energy demands through energy conservation, conventional and
 
solar powered systems beenergy can reduced in size and complexity. In 
some instances, the traditional elaborate heat distribution system may 
be eliminated. In its place, a centLal source of space heat (through
-the-wall type or beneath-the-floor type) can heat a full-sized house.
 

3.1.4.3 Important Conservation Measures for Passive Solar Buildings
 

Conservation measures primarily redi.ice the energy flows that occur be
tween the building interior and the ambienL exterior environment. These 
energy flows are typically in the form of heated interior air escaping 
to the cold exterior and hot ambient air seeping into a cooled interior. 
Thus, energy conservation measures that reduce heat loss in coldthe 
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weather will also be effective in reducing unwanted solar gain in the 
hot weather. 
 Typical conservation measures 
include:
 

1. insulation
 

2. Double and triple glazing of windows
 

3. Caulking
 

4. Weatherstiipping
 

5. Installation of vapor barriers
 

6. Radiant barriers
 

Heat loss/gain through a building envelope occurs via three heat trans
fer mechanisms  radiation, convection, and conduction. 
 All three me
chanisms transfer energy from a warmer region to a cooler 
one. Conduc
tion heat loss 
results from molecular motion within the material. Con
vection losses occur primarily when a fluid flows pact a solid surface 
and when there is a cifference in temperature. While convection and 
conduction need 
a medium to pass through, radiation passes 
through a
 
void. 
 Radia:tion needs only two surfaces of different temperatures that
 
"see" each other. 
 Exhibit 3-6 illustrates the definitions of the three

modes of heat transfer.
 

Conduction losses/gains are 
reduced by insulating the 
floor perimeter,

walls, ceiling, and roof. 
 Convection losses can 
be reduced by venti
lating attics 
to remove heat in 
the summer, caulking and weather
stripping to redice leakage, and providing vapor barriers in walls and 
attic. Radiant barriers such as aluminum foil installed in walls and 
roofs greatly teduce radiation heat transfer.
 

3.1.5 
 Advantages and Disadvantages of Passive Designs
 

3.1.5.1 Advantages
 

When compared with active systems, passive solar systems have both
advantages and disadvantages. Most advantages stem from their inherent
 
simplicity which results in greater reliability, lower installation 
costs, and longer life. 
 Exhibit 3-7 i5 a photograph of a passively
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heated building. Notice the simplicity of its design and the difference
 
between the north and south views. 
 Most of tne disadvantages are re
lated to "marked acceptability" by home buyers and the building indus
try, and lower "efficiency" of operation.
 

Reliability
 

Since passive systems usually employ conventional building iaterials,
 
and have few or no moving parts (no motorized dampers, automatic valves,
 
sophisticated controls), their performance is as reliable as the quality
 
of the materials employed. Using conventional building materials such
 
as glass, concrete, and 
brick involves well-known construction tech
niques, and materials such as those 
mentioned here are long-lasting.
 
Passive solar systems 
perfor- their task effortlessly and quietly
 
without mechanical or electrical commands 
or requirements. Generally,
 
there are few maintenance requirements. 
 If any control is required
 
(e.g. shutter movement), it is usually a simple 
task performed by the
 
building occupant.
 

Cost-Effectiveness
 

Simplicity, low initial costs of conventional materials, low maintenance
 
costs, and long life all contribute to the cost-effectiveness of well
designed passive solar systems. 
 But perhaps the most significant reason
 
for cost-effectivenss is 
long life. For the life of the 
building, a
 
passive system should maintain, if not improve, its value in 
at least
 
equal proportion to the rest of the building. 
It should require no more
 
maintenance than any other wall or 
roof. This is particularly true when
 
the passive system fulfills the dual role of admitting solar energy and
 
forming an integral part of the building's surface and structure.
 

Saving on Fossil Fuels
 

Passive solar systems offer many benefits to society. The most obvious
 
benefit is a savings of fossil fuels, which helps the economy and pre
serves these resources for other more appropriate applications. The 
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Bus shelter--simplicity of design, operation and maintennace; 
north and
 
south views.
 

EXHIBIT 3-7. 
 Example of Passive Design's Simplicity (pAZ)
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economy profits both by reducing th- balance of payments deficit if
 
fuels are imported or 
if domestic fuels can be exported. The cost sav
irgs for fossil fue: 
then can be used for other areas. The decrease in
 
fossil fuel usage also decreases the impact on the environment. After 
installation, a typical solar heating and cooling system requires few, 
if any, transmission lines, or pipe lines; it produces no dangerous 
radioactive wastes and does not pollute the air or 
the water. Indeed,
 
solar systems have few negative effects on society.
 

Radiant vs. Conventional Heating
 

Many feel that radiant heating 
from large surfaces, characteristic of
 
most passive systems, 
is more comfortable than conventional heating
 
methods, which usually heat the air first. 
 The concept of mean radiant
 
temperature (MRT), 
discussed previously, has important design implica
tions in passively conditioned buildings. 
Different combinations of MRT
 
and air temperature can generate the same comfort sensation. 
The effect
 
of MRT is crucial in passive designs which rely on warm or cool surfaces
 
to exchange energy (predominantly by radiation) with the air. 
 For heat
ing, passive designs which generate high MRTs provide comfort at 
rela
tively low air temperatures. 
On the other hand, a frequent characteri
zation of some 
passive designs is wide temperature swings; in well--de
signed systems 
these swings are small, generally in the order of 30 C.
 
In any case, some 
people prefer warmer room temperatures during the
 
heating season that can be generated by a simple passive system.
 

3.1.5.2 Disadvantages
 

It is often difficult to incorporate passive solar design without signi
ficantly affecting the appearance of a traditionally designed building.
 
This may affect the willingness of builders to construct it 
or the will
ingness of buyers to purchase it.
 

It is important to stress that passive 
solar designs "work" all the
 
time; they 
cannot be "turned off". As a result, preliminary system
 
design should stress year 
round building climatization rather than, for
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example, the reduction of 
a January heating bill. Properly designed,

with solar control, natural ventilation, and properly placed thermal
 
m Zs, passive designs do indeed work constantly providing building com
fort.
 

The primary disadvantage of passive design 
is that in most cases it
 
increases construction cost. 
To achieve a large solar fraction (i.e., a
 
large decrease in conventional fuel bills), the cost 
can approach that
 
of active systems. However, the financial 
outlay can be limited by

building only a small system. 
 Because the chances of failure in a pro
perly designed system are so 
small, the decision to use passive designs
 
is relatively risk-free.
 

3.1.6 Design Priorities of Passive Solar Design
 

The Massachusetts Multi-Family Passive 
Solar Program of the Executive
 
Office of Energy Resources (ROU) made 
the following conclusions on the
 
design priorities of passive solar design. 
The program stressed that it
 
is important to consider energy savings in the context of other critical
 
design issues including the following:
 

1. 	Residential buildings are not built to save energy, but for
people to live 
in. Energy conservation and solar 
energy
should be treated as integral parts of the design process.
 

2. 
Passive solar design involves more than a system for space
heat; natural ventilation, cooling, and lighting all
are 

important concerns.
 

3. 	Comfort 
is an essential part of performance. Schemes to
 save energy should not he developed at the expense of visu
al and thermal comfort.
 

4. 	High quality illumination and excellent thermal conditions
 
are more important than constant lighting levels and con
stant indoor temperatures.
 

5. 
The percentage of solar contribution is less important than

the total reduction in energy use achieved through passive
and conservation methods. 
Beware of estimated solar saving

fractions.
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3.2 

6. There exists no clear mix of conservation and passive fea
tures. Cost and performance, even for similar systems, are
 
too variable to permit easy generalizations.
 

7. Passive solar amenities are valuable. 
Good passive designs

enhance natural light, thermal comfort, and visual appeal.
 

It must be emphasized that passive solar design for single-family,
 
multi-family, or even commercial office buildings is not a simple three
step process. Numerous variables are involved, including climate, site
 
orientation, landscaping, window placement, and material selection.
 

Design Methods Which Emphasize Cooliny 

3.2.1 Introduction and Overview
 

In almost every climate, buildings car, be designed and constructed to 
remain cool during hot weather. It may require extraordinary measures,
 
but, in most cases, it is also possible to eliminate the need for me
chanical cooling by utilizing passive methods. Many passive solar
 
cooling techniques are not strictly "solar";' 
some are indirectly driven
 
by the sun, while others represent cooling methods requiring little or 
no mechanical power.
 

As was previously discussed, 
passive solar designs utilize on-site
 
energy sources Lo provide acceptable levels of comfort. In many areas 
that emphasize a predominant need for cooliyly, heating may also be re
quired at night due to large diurnal temperature swings. Since passive 
systems should be designed to provide year-round climatization, a care
fully planned solar build .ng will include provisions for such phenomena. 

Note: Design infoLmation in this Leference notebook is based generally 
on the northern hemisphere. Northern southern relationships are re
versed when the site is located in the southern hemisphere. 
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The 	principal sinks that 
can 	be used to provide cooling are:
 

Cooling Sinks
 

1. 	Sky and space -- Radiative cooling 

2. 	Outside air
 
Tam b < 23.9°C -- Convective cooling
 

3. 	Wet surfaces -- Evaporative cooling 

Passive solar 
cooling designs consist of one or more of the following
 

methods:
 

1. 	Solar control
 

2. 	Convective cooling
 

3. 	Evaporative cooling
 

4. 	Radiative cooling
 

5. 	Ground cooling
 

Even though passive cooling systems were used to manfuacture ice as
 
early as 
300 B.C. and passive cooling designs were included in buildinqs
 
in the Middle East since antiquity, the state-of-the-art for passive
 
cooling lags far 
behind that for solar heating. The climatic informa
tion necessary to make wise decisions is sparse. Analytical codes are
 
nearly nonexistent. Little hardware 
is available. The reader is ad
vised to complement the modern techniques described in this section with
 

a study of ancient architecture.
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3.2.2 Solar Control
 

3 2.2.1 Introduction and Overview
 

Solar control implies shading the building's windows, walls, and 
roof.
 
It is the first and most important step to take in keeping the sun's 
energy from hitting or entering the building. The most effective shad
ing arrangements prevent the incoming solar 
radiation from striking the
 
building envelope. In fact, where 
monthly mean temperatures average
 
less than 21'C, control of 
solar heat gain can virtually eliminate the
 
need for other forms of cooling.
 

The first stop to take in solar control is to shade walls and windows on
 
the south, east, and west sides of the structure. The second measure is
 
to slow the rate of energy passage through the walls and roof with 
heavier insulation along with glazing systems 
which reduce heat gain.
 
As was mentioned, insulation retards the flow of energy into and out of
 
the building envelope, reducing both heating and cooling loads. 
Shading
 
of walls and roofs is critical in hot climates. Heavily insulated walls
 
and roofs need less shading than poorly insulated ones.
 

Multi-layered glazing reduces heat flow into the building during hot 
weather. Weatherstripping restricts uncontrolled infiltration into the
 
building. Entrances on exterior walls that face rot dry winds should be
 
equipped with "airlocks." Proper orientation of windows, especially 
minimization of east 
and west glazing ir.favor of heat-gaining south
 
glass (when desired), is most important in reducing suLmmer solar heat 
gain. 
Where east or west glazing is used, it is especially important to
 
shade it, a difficult job because of the low and variable sun angles. 
Vertical, moveable devices ma! provide the best solution. 

Light-colored surfaces can also be used to recduce heat gain. A dark 
sumlit roof .-an be 15'C hotter than a light colored roof. The thicker 
the insulation in the -oof or wall, the smaller the effect a lighter 
color surface will have. Lighter colored walls not only lessen heat 
gain, they also show less dust. 
 If the building isn't white-washed fre
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quently, the buildup of darker dust will absorb more radiation, increas
ing relative cooling loads.
 

3.2.2.2 Shading
 

Shading devices are most effective when they intercept incoming solar
 
radiation before it enters the building interior. It is expected, 
therefore, that excerior devices will be more efficient than interior 
shading devices. This is the case mainly because interior devices 
intercept radiation after it has penetrated the interior. Part of the
 
incoming radiation has already been absorbed by the glazing, contribut
ing to unwanted solar gain. 
 Since shading must be calculated with re
spect to latitude as well climate, there
as 
 are no generalized shading
 
solutions. 
 Information on controlling solar heat gain is abundant. 
The
 
most significant sources include the 1982 ASHRAE Handbook of Fundamen
tals; Solar Control and Shading Devices by Aladar 
and Victor Olgyay;
 
Architectural Graphic Standards by C.G. Ramwy and B.R. Sleeper; The Pas
sive Solar Enerqy Book, by Edward Mazria; and Siu 
 Angle Calculator, pu
blished by Libbey-Owens-Ford Co., Toledo, Ohio (ASH-l) (OLG-2) (RAM)
 

(MAZ).
 

3.2.2.2.1 
 Window Orientation
 

Window orientation means positioning fenestration (building, doors, and
 
windows) in relation to the north, south, east and west. In hot cli
mates, solar orientation of windows is 
critical, especially to minimize
 
summer heat gain. The following paragraphs summarize the effect of 
glazing at various directional orientations.
 

North: 
 The north side of a building rarely receives direct radia
tion (in the northern hemisphere). Consequently, there isalways a net thermal loss in the heating season. Windows 
oriented north can also add to the cooling load due to
diffuse radiation and late afternoon direct sun. As 

the
aresult, window area on the north wall should be minimized 

except to provide for cross ventilation and views. 
Shading

devices are not effective 
for shading diffuse radiation

incident on north windo,,s. 
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South: Windows on the south side of 
a building always receive a
 net solar heat gain in the winter, and often during cloudy
periods. 
 All direct radiation can be shaded with a properly designed exterior overhang to 
reduce unwanted solar
 
gain.
 

East: 
 East windows may be desirable to admit early morning 
sunlight to warm a cool space. However, east glazing tends to
produce overheating in the fall, spring, and summer. Due
 
to the year-round low sun angle, entering light can be
glaring and difficult to control. Horizontal overhangs are
ineffective 
in blocking incident solar radiation. For

control purposes, east windows should be narrow with a deep
inlet. Vertical louvers, slats, or wing walls 
can be used
 
to provide shading.
 

West: 
 Although west windows are desirable for aesthetic purposes,

i.e., view of sunsets, west light produces severe glare and

overheating problems. 
 The same control procedure used for
 east glazing should be employed. West glazing should 
be

avoided if possible, espeically in very hot climates.
 

Exhibit 3-8 summarizes typical shading strategies and materials for all
 

four orientations.
 

3.2.2.2.2 Shading Soutl Glazing
 

A fixed overhang on a south wall 
can be designed to allow sun to enter
 
the building in the winter while 
completely blocking the direct 
summer
 
sun. Unfortunately, the amount of shading that fixed overhangs provide
 
coincides with the seasons. 
 The middle of the sun's summer is June 21,
 
the solstice, but the hottest weather occurs from the end of July to the
 
end of August when the sun is lower in the sky. 
 A fixed overhang de
signed for optimal shading on August 10 causes the same shadow on May

10. 
 The overhang designed for optimal shading on September 21, when the
 
weather is still somewhat warm and solar heat gain is unwelcome, causes
 
the same shading 
on March 21 when the weather is cooler and the 
solar
 
heat gain is welcome. One practical solution is use 
of adjustable
 
shades.
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EXHIBIT 3-8. Shading Strategies and Materials for North, South, East
and West (Northern Hemisphere). (ROU)
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3.2.2.2.3 
 Sizing the Overhang
 

Aq mentioned in the previous paragraph, a compromise is needed to detEr
mine what time of year optimal shading is needed. 
This will then affect
 
the performance of the overhang in the heating months.
 

For 	the typical fixed horizontal overhang, the 
following sizing Froce
dure as illustrated in Exhibit 
3-9 	is recommended in the 
California
 
Energy Commission's 
Energy Conservation 
Manual for New Residential
 
Buildings (CEC-6 ).
 

Sloping south overhangs are treated in the same manner. Whether the 
sloping is upward or dowiward the sizing method is the same:
 

1. Use local climate data; determine periods when south glazing should be lit arid periods when it should be shaded.
 

2. 	For these times determine a and a (summer and winter
profile angle at noon) using standard sun charts.
 

3. 	From the above equations, calculate the length of overhang

(the overhang projection) 
and the vertical distance from
glazing to overhang for a window of specified height.
 

An overhang is designed according to the data or sensors chosen to be
 
lit or shaded. Before the date that 
the solar altitude angle exceeds
 
a,, the winter profile angle, the glazing will be fully 
illuminated.
 
After that date the solar altitude angle exceeds that of the glazing; as
 
a result the glazing will be shaded. 
 The California Energy Commission's
 
Passive Solar Handbook suggests the following guidelines when designing
 
fixed overhangs for south glazings. (CEC-3).
 

1. 	If June 21 sun angle was chosen for a , the summer profile

angle, poor shading would result during the late summer and
fall. A good rule of thumb is to let a 102
= - latitude.
This gives 70" shading until August 20.
 

2. 	Flexibility is required to 
finely tune south overhangs to
 
account for spring and fall climatic variations.
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Where: 

d: distance above window
 
h: height of windows
 
P: overhang projection
 
a winter profile auiq3e
 
a, summer profile angle
 

Overhang Projection =
 

Windcw height 
Tangent (summer profile angle) 
- Tangent (winter profile angle)
 

Distance above window =
 

Tangent (winter profile angle) 
* overhang projection
 

EXHTBIT 3-9. 
 California Energy Commission's Procedure for Sizing Over
hangs (CEC-3)
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3. 	Adjustable louvers placed between open 
rafters can be de
signed to provide more shading in the fall and less shading

in the spring.
 

4. 	Seasonal Inserts: Longer 
rafters than the overhang are

fixed to receive a louvered frame. The frame is then
 
stored elsewhere in the winter and spring.
 

5. 	Trellis with Deciduous Vines: 
 A light trellis with decidu
ous vegetation at the end of the overhang can provide the
 
desired flexibility if the 
proper species of vine is
 
chosen.
 

Sun 	angles are the same 
in the fall and spring; however, climatic sea
sons are not. 
 An overhang designed to block the sun until September 30
 
will block desired heat gain in March 
when ambient temperatures are
 
still relatively low. As a result, sun control 
is very difficult to
 
control 
at these times. Flexible south overhangs are one effective
 
response to this situation, allowing more sun 
in the cooler spring, yet
 
still providing more shade in 
the hotter autumn. The illustration in
 
Exhibit 3-10 defines the parameters used in the design of these devices.
 

It has been suggested (CEC-3) that an aw 
of 70' minus the latitude will
 

ensure that the glazing be fully illuminated until January 21. 
 An aS of
 

860 	minus the latitude provides noontime shading until October 1.
 

Flexible overhangs can be one or more of the following designs:
 

1. 	Hinged end -- an overhang is hinged and fixed with a lock
ing mechanism, which allows the angle to be adjusted.
 

2. 	Flap -- a hinged flap may be lowered to extend the 
over
hang.
 

3. 	Sliding extension -- tight shades on tracks are extended to
 
lengthen the overhang.
 

3.2.2.2.4 Shading East and West Glazing
 

Shading east and west 
facing glass is difficult because when the sun is
 
in the eastern and western skies, it is at a low altitude year round.
 
Overhangs on the east and west cannot 
prevent penetration of sun during
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Where: 

L: overhang projection

d: distance above windows
 
aw chosen winter noon sun angle

a chosen summer noon sun angle

a 
 noon sun altitude when overhang is extended
 
hl window height
 

1. 	Use local climatic data to determine at what time of the 
year shading is desired.
 

2. 	For these selected times, use 
standard suncharts to determine the summer profile angle, a., the winterand 	 profile 
angle, a.
 

3. 	Calculate aa, 
 noon sun altitude when overhang is extended.
 

a = (900) + a);
a 2 

4. 	Calculate length of overhang, L, and the vertical distance
from window to overhang, d, for a specified 
glazing

height, h.
 

L= 
 h
 

[tangent (a ) - tangent (a)] 

d = 	L * [tangent (a,,)]
 

5. 	The maximum value of 
 is 900 + a 

EXHIBIT 3-10. Designing Overhangs (CEC-3)
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the summer any more 
than they can during the winter. Vertical louvers,
 
trellises, trellised vegetation, shutters, screens, exterior roll binds,
 
o'- other vertical extensions of the building itself are probably best
 
for alleviating this problem.
 

Where view and light are important on east and west buildings, sides or
 
facades, window areas can be minimized by using eye-level, shallow hori
zontal windows under deep overhangs. The time during which the sun
 
penetrates the windows is short, and the resultant solar impact is mini

mized.
 

Many exterior 
and interior shading devices are effective on east and
 
west oriented glazing. The disadvantage is that the majority of these
 
devices, (roll blinds, shades, 
sun screens, etc.) 
will not allow unob
structed views.
 

As was discussed in 
the preceding section, horizontal devices such 
as
 
overhangs and awnings 
are very effective in shading south glazing. 
 In
 
contrast, vertical devices are very effective in providing shading for
 
east and west glazing. Wing walls are 
very effective on narrow east
 
facing or west facing glazing. 
In this design the interior surfaces of
 
the wing wall (facing the window) are 
usually dark in color to prevent
 
reflection into the window. 
This is illustrated in Exhibit 3-11.
 

This concept is also effective for controlling the low angle sunlight at
 
the edge of the south-facing overhang.
 

Another effective control 
device is a system of vertical louvers as
 
illustrated in Exhibits 3-12 
a. and 3-12 b. These devices can be de
signed so 
that they can control diffuse as well as direct incident solar
 
radiation. Properly designed, 
louvers can tilted to
be prevent low
 
angle 
summer sun from entering while still allowing access 
to the winter
 
sun.
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EHXIBIT 3-11. Examples of Wing Walls for Providing Shading of South 
Glazing and East-Facing or West-Facing Glazing 
 (CEC-3)
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EXHIBIT 3-12a. Example of Vertical Louvers and Angle Louvers 
for
 
Controlling Sunlight on East/West Windows 'fEr--3) 
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For conditions where buildings rely mainly on 
night cooling, louvers of
 
thin lightweight materials can be effectively used as in this primary
school building.
 

EXHIBIT 3-12b. Example of Shading on West-Facing Glazing (BAL)
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EXHIBIT 3-13. Sawtooth Arrangement for Windows on the West Facade of a
 
Building Allowing 
Solar Heat Gain During the Winter but Excluding It
 

During the Summer (AND-2).
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Vertical louvers 
are used to control the sun 
on east and west windows.
 
Angle louvers to prevent low summer sun from entering while still allow
icq access to the low winter sun.
 

Another example of shading west-facing glazing is illustrated in Exhibit
 

3-13.
 

3.2.2.2.5 Miscellaneous Shading Devices
 

Deciduous Vegetation
 

Shading from properly selected deciduous vegetation more closely follows
 
the climatic seasons and, therefore, the energy neeas of buildings that
 
need both heating and cooling. On March 21, for example, most trees are
 
bare and will therefore allow relatively unobstructed passage of 
sun
light. On September 21, however, trees are still 
full and provide ne
cessary shading. Deciduous 
trees in front of south-facing windows 
can
 
provide shade from the intense midday summer 
sun. An overhang trellis
 
with a climbing vine that sheds ics leaves in the winter is 
an excellent
 
alternative. 
 However, a deciduous tree completely bare of leaves still
 
blocks 20 to 
40 percent of the sun's direct radiation, proportionately
 
reducing solar gain in winter.
 

In cool climates, st1ading with evergreen 
trees and shrubs can be suc
cessful. Shading east 
and west walls and windows, which receive 

percent more radiation than 
north and south walls during the cooling
 
season, will significantly reduce cooling loads. 
 The resulting 30C to 
50 C lower temperatures in shaded areas next the reduceto wall heat
 
transfer by conduction. Shading 
the air conditioner will increase its
 

effectiveness.
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Designing and installing a trellis is 
a relatively easy operation. 
 As
 
was just mentioned, besides being an 
attractive method of 
sun control,
 
d-ciduous vegetation on trellises will 
automatically adjust 
to cool
 
springs or hot falls. It 
is very important for the plant 
to be care

fully selected.
 

Some design guidelines as recommended by the California Energy Commis
sion in their Passive Solar Handbook (CEC-3) are the following:
 

a) 	Trellis over 
south glazing: Design considerations should
make sure that the structure itself does not cause too much
 
shade in the heating season.
 

b) 	Tension Trellis: This 
option provides minimum structural
 
shading of the south glazing.
 

c) 	Trellis/Balcony: This combination provides adequate shading for a second story (or multi-storv) facing east or
 
west.
 

Exhibit 3-14 
provides detailed design suggestions for the trellis de
signs mentioned above.
 

Operable Shading Devices
 

Operable shading devices such as awnings are even more versatile and
 
adaptable to human comfort. 
Yet 	such devices attached to the outside of
 
buildings are difficult to maintain, and most designs deteriorate rapid
ly. Efforts to make awnings more durable 
are usually unsuccessful.
 
However, with rising fuel 
prices and greater emphasis on shading, in
creased efforts have been made 
to produce better operable shading de
vices. Awnings are 
perhaps the simplest and most reliable operable de
vice, but their aesthetic appeal is limited.
 

R630/13.de 
 3-34
 

http:R630/13.de


variations 

/ 
o-p 'A 

LATp ,I . 

Tlf-LL15
6LAz4d-

OVER 50UTh TEWI5O14 THPLL%6CARl KUbT VERTICAL TRELLTALLOWS 4MIMUiMOOP OP0E LI EALCoIyTAKEW 5TRUCTURAL ItP- COMbNA"IO/BE 50 THAT tPO,PR TO PRVE14T NEAT ST0yCOCOO 5KTRUCTUR. POE5 WOT 5AAPINO &FAINI E.VT ANP COM1 NAr oR
C,'F TOOt't.K PE MUCH 50LIfH &LAZI, WEBT, INlWINTER W w-CWALLL WESTMP E T O 

Z"-i F LIC/8 21 C.C. 

LAT

zx6 tz"'rr, ,F~,----! IL R 

L IXZ IRIkA 

KAX. SPA 

8-0 ~OA6 * y
 

WELVEVZX~6 c3TRI6ER-
WIR FAORIC 

A4 l ' to- LAT H 

*X62' 

,--I/8-CA5BL.E TK R1 T AI
UNHOLMS IZTM11 4X4 

- 4(4~ tos-0. c.f. 24\\>~lkj X 

r TU ftJJbUC (.r 0IF6X)6 WELPEP WIRE POANTER 
vIXx' ' * FAB R IC A5 U5 1EV b OLoIN CON~C.%-Ab CONY 

Z1/4"1 
: LA I1OLTe_._ bx 

EXHIBIT 3-14. Design Suggestions for Trellis Designs 
 (CEC-3)
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Advantages of Moveable versus Fixed Shading
 

B-th fixed and moveable shading devices have advantages and disadvan

tages. The ultimate choice is based on various criteria including cost, 

weather conditions, and occupant participation. Fixed shading is advan

tageous because once the desi ;n is complete and the device is installed, 

it becomes a permanent part o, the building. Usually, minimal mainten

ance is required; the device typically performs for the life of the 

building without any further user intervention. The primary disadvan

tage of fixed shading devices is that climatic seasons do not coincide 

with sun angle seasons. Fixed overhangs designed to provide optimum
 

shading at the solstices cannot respond precisely to the shading and 

exposure needs of summer and winter. An advantage of moveable devices 

is that they allow the building and weather to be tuned to each other on 

a daily basis. The disadvantage is that these devices require the par

ticipation and sensitivity of the occupant. In addition, moveable ele

ments of the device occasionally break.
 

Surrounding !3uildings
 

Designers should also consider the shading effects of buildings on one 

another and on the surrounding environment (i.e., whether the shading 

occurs on buildings that directly or indirectly use the sun's heat or 

light, or on wild vegetation, or gardens that need sun in order to 

grow). On the positive side, buildings can be clustered, with narrow 

streets between them to shade each other, or can be oriented to direct 

or block the wind (depending on the climate). Common walls help reduce
 

heat gain. Narrow streets reduce dust problems. Windowless walls fac

ing the street block the entry of dust into the buildings while light 

and air can enter through openings onto the traditional courtyard.
 

An important part of building design involves site planning which con

siders the effect of surrounding buildings and property. It is beyond 

the scope of this notebook to go into detail about this subject. 
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Some references for further information are the following:
 

a) Consultant Report: Planning 
Solar Neighborhoods, Living

Systems, Jonathan Hamond, Principoe; o t California
 
Energy Commission, 1980, report # P500-81-018.
 

b) 	Energ Princi les in Architectural Design, Edward Dean,

Shelley Dean and Fuller Archftects for the California
 
Energy Commission, 1981, report # P400-81-004.
 

c) 	Solar for Your Present Home, Charles S. Barnaby, Philip

Caesar an Bruce Wilcox, Berkeley Solar Group and Lynn

Nelson, Environ/Mental, for the California Energy Commis
sion, 1978.
 

Exhibit 3-15 summarizes the basic concepts for solar control of glazing:
 
horizontal shading for south-facing orientation and vertical shading for
 

east/west orientation.
 

3.2.3 Glazing
 

One method of reducing heat gain through glazing on walls 
is to orient
 
the glass to the north or south. By facing the glass north (for Nor
thern Hemisphere), only indirect irradiation will be admitted, a favor

able lighting effect for many tasks. 
 However, by facing the glass
 
south, solar heat is adnitted during the winter season.
 

It is important to remember that windows 
or glazing influence the heat

ing or cooling of the building interior in ;wo ways:
 

a) 	Conduction of energy - whenever there is a difference be
tween the inside temperature and outside ambient temor 

perature.
 

b) 	Radiation 
of solar energy - both visible and invisible, 
t'ough the transparent glazing. 

The best control for conduction is the 
use of multiple glazings; the
 
best solution for radliation is controllable shading or special glazing
 

materials.
 

R630/13.de 
 3-37
 

http:R630/13.de


Horizontol -ading for 5outh Onentaton 

Vertical Shading for Ea5i c" V5t Oriantatior3 

EXHIBIT 3-15. Concepts for Solar Control of Glazing 
 (CEC-5)
 

R630/13 .de 
 3-38
 



In a desert climate, it is important that all rooms have openable win
dows or operable vents, as there are days during a year when outside air 
i. desired. Cross ventilation is an important source of comfort during
 
the 	day in winter and at night during the beginning and and end of the
 
summer. Operable windows can also be used to exhaust spent air from 
evaporative coolers. In most locations, especially in 
desert areas,
 
double glazing not only significantly reduces heat flow, but also pro
vides improved comfort with no operating expense.
 

3.2.3.1 Shading Coefficient
 

The notion of shading coefficient is important in comparing the relative
 
effectiveness of various shading devices. 
By definition, a single layer
 
of clear, double-strength glass has 
a shading coefficient of 1.00. The
 
shading coefficient foL 	 any other glazing system in combination with 
shading devices is the ratio of the solar heat gain through that system
 
to the solar heat gain through the double-strength glass under identical
 
solar conditions. Thus, solaL gain through a glazing system is the
 
product of its shading coefficient times the solar gain for clear,
 
double-strength glass. Exhibit 3-16 lists 
some typical shading coeffi
cients for various shading systems and conditions.
 

In locations with a severe or extreme cooling season, shading control is
 
especially important. In most cases, more than one shading control 
device will be used on a particular window. 
Methods have been developed
 
to estimate the overall shading coefficient of a system made up of 
several of these control devices. One much method obtained from the 
California Energy Commision's Ene fonservation Manual 
for New Resi
dential Building 
 (CEC-6) consists of the following procedure:
 

1. 	Determine the shading coefficient (SC) of one of the de
vices with the applicable glazing type (usually manufac
turer's information).
 

2. 	 Determine the SC of the other device in conjunction with
sine clear glazing (no mullions or framing). Bc careful 
not to use the actual glazing used because this would re
sult in double counting. (Note: A mullion is a slender 
vertical member placed between windows or doors.) 
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EXHIBIT 3-16. 


10 045 056 0)5 

Shading Coefficients of Some Typical 
Window System 


1/8' DS Clear Unshaded Glass 


w Inside dark roller shade completely drawn 

w, Inside dark venetian blind fully drawn 

w Inside medium venetian blind fully drawn 

% Dark-colored drapes fully drawn 

w Average tree casting shade 

w Inside white venenian blind fully drawn 

w Inside whit, :.11er shade fully drawn 

w Light colured drapes full, drawn 

w Outside vertical fixed in; on east/west sides 

w Outside canvas awning 

Overhang, continuous on south side 

w Dense tree casting shade 

w Outside venetian blind 

w Outside moveable horizontal or vertical louvers 

Unshaded 1/4"lleat-Absorhing Glass 
(gray or other tints) 

Unshaded Il" Reflective Glass 

Unshaded Clhar Glass llk 

05
L._5
 

Window Systems 

Shading Coefficient 

1.00 

0.80 

0.75 

0.65 

0.58 

0.60-0.50 

0.56 

0.41 

0.40 

0.31 

0.25 

0.25 

0.25-0.20
 

0.15
 

0.15-0.10
 

0.70-0.50 

0.60-0.40 

0.65 

Shading Coefficients of Some Typical Window Systems
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3. Calculate Combined SC
 

(SC)comb = 
 [0.25 * (SC)ma ] .[0.75 * (SC)Jmin 

(SC)comb = 
 Calculated SC for combination of two shad-
ing devices in conjunction with the appli
cable glazing type.
 

(SC)max Larger of the two SC's.
 

4. If there are more tnan two devices in use, repeat above
 
steps using the combined SC determined in previous applica
tion of step 3 as result of step 1.
 

3.2.3.2 Special Glazings
 

Using different types of glass for different orientations is one accept
able method of solar control. Where reduction of heat gain is critical,
 
heat-absorbing and heat-reflecting glass can help, especially on east
 
and west facades. A reflective window film is more effective than an
 
absorptive film, and the low-e
new (low-emissivity) films are better
 
than either type. 
 A low-e coating transmits visible and near-infrared
 
light energy, but reflects long wave energy. This means 
itwill reflect
 
heat from the outside in summer 
to lower cooling costs, and reflect heat
 
back to the inside in winter, lowering heating costs.
 

Low-e coatings can be placed on 
film or glass. Vacuum sputtered low-e
 
coatings, called soft-coats, must be protected from moisture and hand
ling, so they must be installed in insulation units. The hard-coats are
 
low-e coatings sprayed on molten glass as 
it comes off the float line.
 
These are more durable than soft-coats and are unaffected by moisture
 
and handling. In buildings where the cooling mode is dominant, the
 
inner pane of glass is an insulated unit. Low-e glazings can save over
 
25 percent more in cooling costs than double-glazed reflective glass,
 
even when placed on north facing windows.
 

Exhibits 3-17 and 3-18 illustrate and summarize the effect of special 
glazing used in various orientations on fenestration heat gain.
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EXHIBIT 3-17. Summary of the Effects 
of Using Different Special
 
Glazings and tile Net/Heat Gain (CEC-5)
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U'). 

Consider clear glass 
no shading & 
or low-e 

0 

Consider reflecting Consider reflecting
heat-absorbing glass heat-absorbing, glass 
and low-e glass 
 and low,-e glass
 

Consider clear glass only
with shading devices,
preferably exterior 
operable ones, orvegetation. 
or low-e glass
 

EXHIBIT 3-18. Considerations for Glass Types for Various Orientations 
of Windows (Approximations for Continental United States) (AND-.2).
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3.2.3.3 Factors to Consider
 

Tc 	important factors to consider in the use of special glazings include
 
the 	following:
 

o 
 Special glazing reduces solar heat gain. Although this can
be an advantage in the summer, it 
can also be a disadvan
tage in the winter.
 

o 	 Heat-absorbing and reflecting glass can 
be used for glare

control on north, north-northeast, and north-northwest

orientations. Little solar heat will be gained on 
south

facades, except in latitudes south of 300N.
 

o 	 Heat-absorbing and reflecting glass usually shonild not be

considered for south-facing windows except as 
a means of
controlling glare or excluding winter solar heat (e.g.,
large office buildings). 

in
 
The heat gain through south-fac

ing glass can be relatively small in summer (as illustrated
 
in Exhibit 3-18).
 

0 	 Vegetation and operable shading devices are more practial

and sensible solutions than heat-absorbing or reflecting
glass for south, southeast, and southwest orientations.
 
Shading devices are most effective on the exterior of the
building; those between two layers of glass (such as miniblinds) are the next most effective; and interior devices

such as blinds, shades and draperies are least effective as

they stop the sun's rays after they have penetrated

building (as illustrated in Exhibit 3-19). 	

the
 
Even so, highly


reflective devices are only slightly less effective on the
inside than between the two layers of glass. That is,as a

highly reflective device is effective anywhere 
it 	is
placed, its location is not as important as the location of

shading devices that are not reflective.
 

o 	 Some advertisements for heat-absorbing and reflecting glass

suggest that such products will 
reduce both the initial
 
cost of air conditioning equipment and cost of 
equipment
operation, especially as such costs affect energy consump
tion. 
However, the savings are usually obtained by comparing costs with those for all-glass buildings 
rather than
with those for buildings already designed to conserve
 
energy. Rarely is it mentioned that substantial savings

could be 
achievod by switching to opaque, well-insulated

walls with reduced glass areas areas theon east and westwalls and to a design that allows the sun to penetrate
through the south olass during the winter (ifdesired) with
 
shading during the summer.
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EXHIBIT 3-19. Possible Locations for"Shading Devices (AND-2). 
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All building facades should not be identical in appearance.

This is particularly true of buildings that use large areas
 
of glass. 
 Although there may economic, social and aesthe
tic reasons for building glass boxes, 
glass clearly has
 
been misused as a desirn element.
 

3.2.3.4 Commercial Buildings
 

Large buildings which have small exterior wall and roof areas compared 
to a large amount of interior floor area often require air conditioning 
year round. This is because a tremendous amount of internal heat is 
generated from lights, applicances, equipment, and the activities 
of 
people. The use of glass that is shaded 12 mornths a year instead of 
only during the summer will be the most successful solution in such 
buildings. Every effort should be made to reduce the amount of heat 
that is produced by lights and machines and vent 
it before it flows to
 
other rooms in the building. The most energy conscious designs for such
 
buildings employ waste heat recovery systems that remove heat from over
heated areas and deliver it to those spaces that need heat. 
 Heat not
 
immediately required may be stored for later retrieval. 
 The dependance
 
on artificial lighting can be 
reduced by using daylighting, by lowering
 
lighting levels, or by placing light fixtures directly where light is 
needed (this is referred to as task lighting).
 

3.2.3.5 Radiant Barriers
 

Radiant barriers are becoming more popular in hot climates. They reduce
 
radiant 
heat transfer by restricting the passage of the longest 
wave
 
infrared (far-infrared) radiation for 
one surface to another. Radiant
 
barriers composed of materials with low emissivities that are hghly
 
reflective, need an air space directly adjacent to them in order to be 
effective. Aluminum foil 
is the cheapest most effective barrier. It
 
reflects 95 percent of the long wave energy that strikes it. Radiant 
barriers reduce the flow of heat into the building by lowering the 
temperature of the wall or ceiling outside the insulation or high mass 
material, before the heat can be conducted into interior spaces. 
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Radiant barriers are very effective on east and west walls. South fac
ing walls benefit more from shading than radiant barriers in climates
 

t~at also need winter heating, as the foil will reduce solar gains
 
through the south wall in the winter. Radiant barriers in attics (above
 

the insulation and below a vented air space created with furring strips)
 

are very effective in hot climates.
 

Diminishing returns prohibit using more than one radiant barrier at a 
time. The first layer will block 95 percent of the radiant transfer, 
but the second layer will block only 95 percent of the 5 percent that 

wasn't refJ]cted from the first layer. 

Many products are available today that incorporate a layer of foil as a
 

radiant barrier. Builder's foil is available in a wide range of
 

strengths and costs. Cheaper foils can cost more in the end as they are
 
more difficult to install. Fiberglass batt and rigid foams are avail

able with foil faces. Structural sheating, composed of laminated card

board layers, has foil on both sides. Exhibit 3-20 lists energy charac

teristics of some common building materials.
 

3.2.4 Convective Cooling
 

3.2.4.1 Overview
 

At temperatures below 330 C, the movement of air across the skin cools by
 

drawing heat from the skin by means of convection and the evaporation of
 

perspirati.n. Air movement up to 0.25 meters per second goes unnoticed.
 

Over 1.0 meters per second, it becomes annoying. Movement above 1.2
 
meters per second adversely affects health and reduces indoor work effi

ciency (OLG-).
 

The most straightforward method of convective cooling is not an innova

tion. It simply involves the admission of cool nighttime breezes into
 

the house to drive out the warm air inside. A simple design is exempli

fied by the following:
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Energy Characteristics of the Surfaces of Common Iluilding Materials 
Solar Energy Radiant lleatAbsorptance Reflectance Emittance 1e lectaince 

White-painted Wills 0.15 0.85 
(& Absorptance) 

0.90 0.10 
Green-painted Walls 0.50 0.50 0.90 0.10 
Black-painted Walls 0.90 0.10 0.90 0.10 
Green Roll Roofing 0.90 0.10 0.90 0.10 
Red Brick 0.55 0.45 0.90 0.10 
Concrete (fresh) 0.60 0.40 0.90 0.10 
Asbestos Cement Board 0.60 0.40 0.95 0.05 
Sheet Metal (Shiny) 0.20 0.80 0.20 0.80 
Polished Aluminum 0.10 0.90 0.10 0.90 

EXHIBIT 3-20. 
Energy Characteristics of the Surfaces of Common Building
 
Materials (CEC-5)
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o 	 A high vent or open window on the leeward side of the
 
building will let the hottest air near the ceiling escape
 
away from the prevailing breezes.
 

0 Cooler night 
windward side 

air sweeping 
will replace 

in through open 
this hot air and 

vents on 
generate 

the 
com

fort. 

The use and control of air movement to condition building interiors 

involves three processes---site selection, wind protection, and natural
 

ventilation. Careful consideration of air movement will:
 

a) 	Determine the most suitable microclimate on the site for
 
building location. (Most important areas with large topo
graphical variations.)
 

b) 	Reduce heating loads by providing wind protection. (Re
duces infiltration losses).
 

c) 	Allow cooling during periods of hot weather by the use of
 
natural ventilation.
 

In many areas, natural ventilation has the potential of providing a
 

large fraction of the cooling load. This is especially true in areas
 

with large diurnal temperature swings; even if the days are very hot,
 

comfort can be achieved through the use of ventilation cooling at night.
 

There are several parameters that are used to design a building that can
 

utilize convective cooling with maximum efficiency. Relevant factors
 

include building orientation and form, landscape elements, room and
 

window orientation, and location and size of inlet and outlet vents.
 

A rectangular building with its long side facing the prevailing summer
 

winds make it easier to naturaly ventilate all rooms. In addition,
 

breaks in the roof level or a dropped plenum over halls will allow na

tural ventilation of rooms served by hallways. A simplified diagram of
 

this design is provided as Exhibit 3-21.
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Natural ventilation through buildings is also influenced by land plan
ning. 
Cooling night breezes should not be blocked from entering build
iigs. Building shape, proper clustering of buildings, and other land
scaping features such as vegetation and fences can enhance natural wind
 
flow patterns (GUY). Unfortunately, vegetation or neighboring buildings
 
can 	also block night-sky radiational cooling.
 

Room and window orientation are also very important factors. 
 In order
 
to provide overall room coverage, the following rules-of-thumb should be
 
followed: (CEC-3)
 

1. 	If windows are on opposite sides, the room should be ori
ented askew to the prevailing wind direction.
 

2. 	If windows are on adjacent walls, the room should be ori
ented to face directly into the prevailing wind.
 

Air patterns within a room are largely determined by air inlet location
 
and its relationship to the exterior surfaces oi 
the building. Three
 
examples of this are illustrated in Exhibit 3-22.
 

In Figire I of Exhibit 3-22, greater air pressure is created on the
 
right side of the inlet and consequently directs air patterns to the
 
left side of the room. Barriers such as a wing wall (figure II of Exhi
bit 3-22) negate the effect of air pressure on the right side of the
 
inlet. As seen in Figure III of Exhibit 3-22, a 4" (10.2 cm) slot be
tween the barrier and wall negates the effect of a barrier on the in
terior air pattern.
 

The velocity of the interior ventilation air is dependent upon the out
let size in relation to the inlet size. Examples of this illuare 

strated in Exhibit 3-23.
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EXHIBIT 3-21. Simplified Diagram of Dropped Plenum Over a Hallway Used
 

for Ventilation
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EXHIBIT 3-22. Three Examples of Air Flow Through a Room with Windows or
 
Opposite Sides With and without Wing Walls. 
 (CEC-3)
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- 39% 61% - 84% 
12% - 25% -.. 30% 

V 87% - - 69% ....i 66% 

2' inlet 2' inlet 2' inlet 
2' outlet 4' outlet 6' outlet 

(.61 m) (.61m, 1.2m) (.61m, 1.8m) 

EXHIBIT 3-23. 
 Interior Air Speed as Percentage of Outdoor Air Speed.
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3.2.4.2 Cross-Ventilation
 

The mort common way to create air movement without using mechanical
 
power is 
to open windows and allow natural breezes to blow into a build
ing. This simple concept is often forgotten. Although an open window
 
can admit dust, and in many cases, warm air, the cooling effect of
 
merely opening a window should not be unde 
 timated if done at the
 
appropriate time of day or year. 
 Proper win location can aid natural
 
ventilation. 
Even if there are only light bLvezes at the site, natural
 
convection can still be used 
to cool. As the coolest air outside 
a
 
house is usually found on the north 
side (especially if this area is
 
shaded by trees and/or shrubs), intake vents are best located as low as
 
possible on 
the north wall. Air inlet locations also governs the air
flow pattern in the building. An inlet window high in the wall will
 
create an airflow above the living area. 
 Lower openings will direct the
 
air into and through the occupied area. The outlet location has almost
 
no effect, but the cross-sectional area of the outlet should be as large
 
as possible for maximum air speed--at least equal to 
the inlet area.
 
This is because interior wind speed is largely determined by the rela
tive size of the inlet opening(s). Ventilation is further enhanced if
 
the outlet is located higher than the inlet. Window shape may be more
 
important than position. Horizontal windows permit more airflow than
 
square or vertical windows--especially if the wind strikes the opening
 
at different angles. The ventilating efficiency of any opening is cat
 
drastically by use of shades, horizontal louvers, and vertical louvers.
 
"Deep" flnor plans or room arrangements (e.g., two to three rooms
 
stacked "in sories", and very large, deep offices) are extremely diffi
cult to ventilate with windows only.
 

3.2.4.3 Wing Walls
 

Cross-ventilation is not 
always possible. When openings can only be
 
placed in one all of a room, wing walls 
can increase ventilation. A
 
wing wall is a tall fin built perpendicularly to the exterior of the
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building to one side of a window. When two windows 
are side by side,
 
two wing walls are installed between the windows (as diagrammed in Exhi
b.t 3-24). A positive pressure is created at one window and a negative
 
pressure is created at the adjacent window.
 

3.2.4.4 Methods to Enhance Convective Cooling
 

There are two basic methods to mke convective cooling designs more 
efficient: increase the air flow rate escaping the building or bring
 
cooler air into the building. The cooling rate obtained by convective
 
rMsigns can be approximated by the following equation: (in English 
units) (CEC-2)
 

Cooling Rate = 1.08*V*L T
 

Where:
 

Cooling Rate [= BTU/hour
V [=1 Volume of air escaping, ft3/min
/\T [=1 Indoor/Outdoor temperaure differ

ence, F 

The table in Exhibit 3-25 gives sample values of cooling rates obtained
 
for various air flow rates and indoor/outdoor temperature differences.
 

The addition of a turbine vent at the roof peak has been found to en
hance air flow and improve the cooling rate. This is illustrated in 
Exhibit 3-26. Breezes flowing up and over the roof peak create an up
ward suction that draws out the interior air.
 

3.2.4.5 Stack Effect
 

The "stack" effect in buildings can induce ventilation even when there 
is no breeze. This effect occurs when airwarm rises to the top of a 
tall space. A opening at the top natually exhausts the warm air while 
openings at floor level admit outdoor air to replace it. Natural
 
ventilation can be further inducted by using belvederes, wind vanes, and
 
wind scoops.
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EXHIBIT 3-24. 
 Wing Walls Increase Ventilation in Rooms That Can Have
 

Openings Along One Wall Only.
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(0.2928 BTU/hr = 1 W) 

Temperature Difference, T
 
Air Flow, V 5)F 100 F 
 150 F 200 F 
100 cfm 
 0.5 1.1 
 1.6 2.2
 
500 cfm 
 2.7 5.4 8.1 10.8
 
1000 cfm 
 5.4 10.8 16.2 21.6
 
2000 cfm 
 10.8 21.6 32.4 43.2 

EXHIBIT 3-25. Convective Cooling Rates, (CEC-2) (Thousands of BTU's per
 
hour)
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WARM 
WIND 

TURBINE 

Wind tuLbkAes can be used to Increase the ventiation rate of 
rooms. 

EXHIBIT 
3-26. Illustration 
of Wind Turbine Increasing the Room
 
Ventilation Rate (CEC-2)
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3.2.4.5.1 Solar Chimney 

A7 illustrated in Exhibit 3-27, a solar collector exhausts hot air to
 
the outdoors and pulls house air through its plenum, creating natural
 
ventilation. Many variations of "solar
this chimney" have been used
 
widely in the past and are 
being developed again today. In thermosi
phoning wall collector designs, the collectors are vented to the outside
 
during the hot 
summer weather and pull building air through to induce
 
ventilation. This same 
technique can be integrated into the skin of a
 
building by incorporating an air space just inside the outer surface of
 
the wall. A reflective radiant barrier, such 
as building foil, is
 
placed on the innermost surface of the air space, which is vented at the
 
top and bottom. As the exterior wall is heated up by the sun, the foil
 
reflects the heat. The air space acts like a thermosiphoning panel
 
bringing its cool air at the bottom of the wall and exhausting it at the
 
top. This eliminates the effect of the "sol-air" temperature, which is
 
a combination of solar radiation and outside air temperature. This 
venting technique is most effective on west walls and sloping roofs, 
where the late afternoon sun contributes heavily to the cooling load.
 

3.2.4.5.2 Design for Stack-Effect
 

In designing for stack-effect ventilation, the greatest airflow is
 
achieved by maximizing both the height of the stack and the tempet:ature
 
of air in the stack. The volumetric airflow is proportional to the 
inlet area and to the square root of the product of heigh: times the 
average temperature difference as in the followng equation:
 

Q = 9.4 * A * [h (t - td 1 1 2 

Where:
 

Q is cubic feet per minute of airflow
 

A is the area of the inlet(s) in square feet
 

R630/13 .de 
 3-59
 



/
 

6-, .de 3-60
 

EXHIBIT 3-27. 
 Solar Collector Wall Design Used 
to Induce Ventilation
Through a Building (CRO) (PUT).
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h is the height in feet between inlets and outlets
 

tu is the average temperature of the air in the "chimney", in
 
0 

F
 

dis the average temperature of the return air (normally just
 
the ambient outside temperature, in OF)
 

ta 


(Conversion factor to convert ft3/min to m3/sec is
 

4.719*10- 4 )
 

Thus, it is better to add heat (presumably using a passive air-heating
 
collector) at the bottom of the chimney or stack than at the middle. 
 In
 
this method the entire column of air in the chimney is hot, creating the
 
buoyancy required to cause the air to flow.
 

3.2.4.5.3 Wind Tower
 

A common architectural feature in the Middle East is the wind tower (or
 
wind catcher) 
that harnesses the prevailing sumner winds 
to cool the
 
bv"ilding by first cooling the 
air and then circulating it through the
 
'.i'lding. Wind towers resemble chimneys with one 
end in the basement
 
and the other end rising high above the roof.
 

When air in and around the wind tower changes temperature, its density
 
also changes. The difference in density creates a draft that pulls &ir
 
either up or down through the tower, depending upon the time of day and
 
associated weather conditions. 
 Doors open into the basement at the
 
lower part of the 
tower and into a central hall on 
the main floor. By 
opening and closing these and other doors, airflow through different 
parts of the building is controlled. 
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During the day the walls of the wind tower absorb solar heat. 
The thick
 
walls of the tower provide sufficient heat storage and heat transfer to
 
w-rm the air at the top of the tower. The warmer air is less dense; air
 
pressure at the top of the tower is reduced, and an upward draft is 
created. Air in the building is drawn up through the tower, and cool 
outdoor air is pulled into the building through doors and windows on the
 
north side. Stack ventilation may be improved by as much as 90 percent
 
by adding an air-foil, delta-wing, or air shield cap. Tests have
 
indicated that the addition of a turbine cap does little to improve air
 

flow.
 

During calm days (with little or no wind), wind tower operation is the
 
reverse of the chimney. In the morning the walls at the upper part of
 
the tower are cooled from the previous night. The hot outside air cools
 
and becomes denser when it comes in contact with the cool walls, and the
 
cool air sinks down into the wind tower, creating a downdraft. The cool
 
air enters the building at the bottom of the tower and room air exits 
through doors and window. When there is wind during the day, the rate 
of downdraft increases. 

The cooling effect will increase if the operation of a wind tower is 
combined with evaporation of water from pools and fountains (see section
 

3.2.5, Evaporative Cooling).
 

Where hot dusty winds blow from one direction, and cooler winds blow
 
from another, the openings in the wind tower are placed towards the 
cooler winds. In winter, if airflow through che tower is undesirable, 

the openings can be blocked or closed. 

wind towers are not perfect designs. Dust, insects, and birds can come
 
into the tower from the top and enter the building through the openings
 
at the bottom. Screens can block insects and birds, but the smaller the
 
mesh, the more it will impede air flow in and through the tower. Dust 
pockets or shelves at the bottom of the toweL- dc little to reduce the 
entry of dust. Taller towers draw less dust into their depths, and 
provide cooler air at higher velocities, but are more expensive to build
 

and maintain.
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Exhibits 3-28 and 3-29 illustrate examples of some wind towers in use in
 
traditional Middle Eastern architecture.
 

3.2.4.6 Roof Shape
 

Cylindrical and 
dome roofs are popular in hot arid climates. Air
 
velocity increases and air pressure decreases as air moves 
over a 
cylinder or sphere. Passing air carries away more heat from a dome than 
from a flat roof, but their effective areas -- that intercept solar 
radiation -- are about equal. Therefore, typical heat gain through a 
dome is less than that through a flat roof. An added bonus is that hot 
air inside the space stratifies in the dome, reducing the temperature 
difference between inside temperature and outside temperature, reducing
 
heat gain further. One last bonus is that 
a hole through the apex of
 
the dome, when the pressure is lowest, will allow hot air under the roof
 
to vent. 
 This hole should be blocked in climates where winter heat
 
retention is desired.
 

The shape of a surface can also affect heat gain. Much of the heat that
 
escapes from a hot surface is caused by the flow of air across it. 
 Many
 
surfaces can induce their 
own natural convection currents due to their
 
shape. Exposure to breezes helps considerably to enhance this action.
 

3.2.5 Evaporative Cooling
 

3.2.5.1 Overview
 

Evaporation of water can provide comfort conditions in buildings. 
When
 
water evaporates it absorbs a large amount of heat from the
 
surroundings, approximately 1000 BTU/lb (2323.7 kJ/kg) water evaporated.
 
When the dry bulb temperature of air is higher than the wet bulb
 
temperature, humidification will 
cool the air. The most familiar
 
example of evaporative cooling is the effect
cooling obtained when
 
perspiration e'aporates on 
the human skin. The cooling effect of moving
 
air is enhanced if it contacts water prior to contacting with people.
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EXHIBIT 3-28. Illustration of Middle Eastern Wind Towver (GOL)
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EXHIBIT 3-29. Illustration of middle Eastern Wind Tower
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Although evaporating water into rhe air occurs in many ways, the 
most
 
important methods are to ensure 
large water-to-air surface contact areas
 
ai'- to increase the turbulence or movement of water in contact with the
 
air. For example, large shallow ponds increase surface contact. Moving
 
streams and sprays from water fountains increase turbulence and surfce
 
area. Air blowing across the surface of the water can do both.
 

One method of cooling and humidifying air is to bring the warm outside
 
air into the house through a moist filter or pad. (This is illustrated
 
in Exhibit 3-30). If underground intake pipes are made from a porous
 
material, 
 the ground above them should be well-watered. Some
 
evaporation will then occur at the inner surface of the pipe.
 

Mechanical evaporative coolers can increase the evaporative 
cooling
 
effect, usually with an associated energy requirement substantially
 
below conventional compression and absorption air conditioning.
 

Another evaporative cooling concept is the Cool poolTM (CEC-2). 
 An open
 
pool of water is located above the living spaces on the north side of a
 
building. This pool is shaded from the 
summer sun but exposed to the
 
cool north sky day and night. It has been observed that the evaporation
 
from the pool surfaces keeps the water in the pool. 30OF (16.7 0 C) below
 
ambient without the use of insulating panels. Natural convection
 

currents 
bring the cool water into the house, producing a cooling
 
effect. Exhibit 3-31 is a diagram of the Cool PoolTm 
design.
 

3.2.5.2 Roof Spray
 

Evaporative cooling 
can also keep roofs cool. Evaporative roof spray
 
cooling has been used successfully in severe cooling climates. Flooded
 
roofs, although inexpensive, are somewhat inefficient in hot dry
 
climates. Shaded roof ponds can be very efficient at cooling the living
 
space below if the ponds arc open to night evaporation, even though the
 
shading element virtually eliminates the radiational cooling. Exhibit
 
3-32 provides a schematic diagram of an operational roof spray.
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WATER 
FILTER 

SATURATED 

WARM 
00 0" 

FAN 
COL 

SWAMP COOLER 

Evaporative Cooling Where Drier Outside Air is Drawn 

Through a Moist Pad. As Moisture is Picked Up by the Air, Heat is 

Absorbed by the Water. The Result is Cooler Air. (CEC-2) 

EXHIBIT 3-30. 
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FIXED ROOF 

OPEN POND
 
WITH WATER WALL
 

Cobnined systems can be cW-vised as in this concept, to
p'ovide drect cooing for a Inteaor sroces. 

EXHIBIT 3-31. Illustration of Evaporative Cooling Concept Called "Cool
 
Pool" Using a Water Wall ard Pool of Water Above the Ceiling and Below
 
the Roof (CEC-2)
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ROOF TOP 
SPRINKLER 

METAL ROOF 

A4 GUTTER 
COOL 

Combned rocattve and evaporative coong can be Integrated
to ncrease the rate of cod.ing. 

EXHIBIT 3-32. 
 Illustration of Using Combined Radiative and Evaporative
 
Cooling (CEC-2)
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The sprayed water performs two functions: it protects the roof
 
materials from ultraviolet damage, and it cools the roof by evaporation
 

oP water. The most important effect is the evaporation of water. For
 
an evaporation rate of 0.254 to 0.381 
meters per month, a cooling rate
 

averaging between 1.3 to 2 MJ/m 2 per day can be obtained(SEL).
 

Wind is a primary factor iii evaporation ra-e. Wind flos across roof
 
ponds should, if 
possible, be enhanced. Only crude calculations of
 
evaporative cooling potential are possible because of limited data on
 
wind speed. However, where wind velocity is known, rough approximations
 

of evaporative cooling effects are possible.
 

Some problems associated with evaporative cooling include insect and
 
plant growth anrl a buildup of mineral compounds, such as lime, on
 

evaporative surfaces.
 

Water sprays can be effective in preventing temperature buildup on
 
rooftops during hot 
summer days (YEL-2). For example, under intense
 

sunshine, spraying horizontal roofs approximately 40 seconds out of each
 
minute maintains roof surface temperature within 150C of the ambient dry
 
bulb temperature. During early morning and afternoon hours, spraying
 
reduces roof temperatures well below the ambient dry bulb temperature to
 
within a few degrees of the wet bulb temperature. Approximately 1.46 
kilograms of water per square meter of roof surface area is needed to 
accomplish this. Assuming that the power required to pump the spray 
must be charged against the cooling process and that a water pressure of
 
0.7 Kg/cm2 is needed to enable the sprays to function properly,
 

approximately 7.46 watts of power will be required per 93 square meters
 
of roof area. The resultant cooling effect is approximately 88,000 

watts (YEL-2).
 

With all evaporative cooling methods, the following guidelines must be
 

kept in mind:
 

1. Encourage maximum air flow past exposed water.
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2. 	 Fresh air must be continually available tc replace the humid
 

air being built up near or over the water. If this is not
 
done, air will quickly become saturated with moisture, and
 
evaporation rates and cooling rates will decline rapidly.
 

3. 	Edges, lips, and other portions of buildings that obstruct
 
prevailing winds away from the water surface should be avoided.
 

3.2.6 Radiative Cooling
 

3.2.6.1 Overview"
 

A constant exchange of ?nergy in the form of thermal radition occurs
 
between objects that car. "see" each other. Terrestrial surfaces having
 
a given temperature radiate energy to anything that is colder. 
 A net
 
energy transfer occurs from the waimer object to the cooler object. The
 
earth, for example, radiates heat to clear night skies that are very
 
cold even during hot weather. The northern sky can also be quite cool
 
during the day. This radiation to the sky primarily has wavelengths
 
between 6 and 16 microns (BUD). Radiant energy will travel until it
 
strikes a nontransparent barrier that absorbs thermal radiation. 
In sky
 
or atmosphere, the main absorbent barrier is water vapor.
 

One 	of the best sources of engineering data and analyses of radiative
 
cooling is "Atmospheric Radiation Near the Surface of the Ground: 
 A
 
Summary for Engineers" (BLI). Exhibit 3-33 illustrates the net
 
radiative exchange factor (R), the net radiative loss rate, from an
 
exposed, thermally black, horizontal surface at air temperature. It
 
provides estimates of heat (radiation) loss rates from a horizontal
 
surface to the sky. To use the graph, determine any two of three
 
primary parameters: air temperature, humidity level, and dewpoint.
 
Note that, from the graph, the heat loss rate (cooling effect) is
 
usually from 47 to 95 W/m2 .
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EXHIBIT 3-33. 
 Typical Values of Radiation Loss From Horizontal Surfaces
 
to the Sky at Sea Level (BLI).
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3.2.6.2 Night Sky
 

IVhst radiation to the sky occurs at night. The average temperature of
 
the night sky typically ranges from 10OF to 50OF (5.60 to 27.80) lower
 
than air temperature near the ground; heat is always radiated from the
 
building to the sky. The amount of radiation varies from 100 percent
 
possible directly overhead at the zenith to virtually none at i he
 
horizon. The most effective radiant cooling surface is horizontal.
 
Obstructions such as trees, walls, and adjacnt buildings replace night
 
sky cooling because they block radiation to the night sky (BAI).
 

An unobstructed vertical surface yields about 40 percent of the radiant
 
cooling effect of a horizontal surface. For additional infomration on
 
radiative cooling see the following references: (ABR), (BAI, (BAR),
 
(BRO), (DUB), (GEI), (KEL), (KNO), (NEW), (PIT), (PLE), (REI), (SEL).
 

During a 10-hour night, the total cooling effect is between 1,700 and 
3,400 KJ/M2 . This range holds true in many climates, making night 
radiant cooling widely applicable. However, it is far less effective in 
humid climates where the dewpoint temperature is relatively high. Cloud 
cover seriously interferes with effective cooling performance by 
absorbing thermal radiation. Radiative cooling effects in such climates 
have yet to be substantiated. To be effective, the radiating surface 
must be carefully protected from the warming effects of breezes. Lower
 
effective sky temperature and greater heat sink effect will be direct
 
results of low relative humidity in the night air.
 

3.2.6.3 Roof Ponds
 

The most common acknowledged radiative cooling concept was first
 
developd by John Yellott and Harold Hay in the United States. Hay
 
continued the development of roof ponds with water contained in black
 
plastic bags. (See further discussions of the heating side of these
 
concepts in Section 3.3.3.) The water is cooled by nocturnal radiation.
 
During the day, the ponds are shaded by sliding panels above them.
 
(This is illustrated in Exhibit 3-34).
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Water in the pond cools the house by absorbing interior heat through the
 
metal ceiling from the living space. 
The bags can be flooded with water
 
tn provide substantial additional cooling by evaporation. with only
 
slight inputs of mechanical power, 6.8 MJ/m 2 to 14.8 MJ/m 2 can be
 
dissipated skyward during a summer 
night through a combination of
 
radiation and evaporation (ROB).
 

This system has successfully and comfc-tably provided 100 percent
 
cooling for a 102 square meter house in the southwestern United States.
 
Annual temperature profiles, inside and outside, are provided in Exhibit
 
3-35 for an earlier prototype having similar preformance
 

characteristics.
 

Exhibits 3-36 through 3-38 illustrate three examples of design concepts
 
using radiative cooling. 
 Exhibit 3-36 provides a relevant description
 
of a house in the southwestern United States having a radiant cooling
 
system that is a form of 
a roof pond system. The percentage of roof
 
covered by the system is smaller, and the sliding insulation panels are
 
replaced by a hydraulicaly powered hinged panel. 
 Even during hottest
 
weather, the air temperature in this house has not 
exceeded 78°F
 
(25.60C).
 

The "Cool Pool" concept, as shown in 
Exhibit 3-37, was developed and
 
tested by Living Systems in California, USA. The roof pond radiates its
 
heat to the sky. The coolest water settles down into the 
radiant wall
 

panel, cooling the interior of the house.
 

3.2.6.4 Multi-Story
 

Another U.S. designer used a thermosiphoning cool slab concept (as
 
indicated in Exhibit 3-38). Locating 
the tank on the ground level
 
facilitates maintenance. A modification of this concept is a nocturnal
 
air cooling system being developed for integration into the structure of
 
a building. The heat dissipator in this system is an oversized sill
 
inclined 45' 
 to the sky with a ducted metal plate and a selective
 
cold-body surface coating (as illustrated in Exhibit 3-39). The warm
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EXHIBIT 3-36. 
 Hinged Roof Pond on Hammond House, California, U.S.A. and
 
Its Performance in Maintaining Indoor Temperature
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roof air is ducted through the heat dissipator when it is cooled. From
 
there, it passes through ducts in a concrete floor slab that "stores"
 
th2 coolness. Airflow can be enhanced by adding fans. This system can
 
be easily integrated into multi-story construction. With modifications,
 

solar heating could also be included.
 

3.2.7 Ground Cooling
 

As the ground is nearly always cooler than the air during the cooling
 
season, the more a building is in contact with the ground, the cooler
 

the building will be. Situating a building below grade or into the side
 

of a hill is the easiest way to obtain more ground contact.
 

3.2.7.1 Berming
 

Berming is a term for filling earth as high as possible or covering
 
buildings with eafth or 
sod. High levels of comfort and serene quiet
 
usually accompany well-designed bermed housing. Reducing the
 

temperature of the ground in direct contact 
with the building will
 
increase the cooling effect. 
One method to reduce ground temperature is
 

to provide shading from direct sunlight which will then reduce surface
 
soil temperatures. Horizontal insulation below the soil's surface will
 

also reduce ground temperatures,
 

Undergrounding housing in cold climates requires well-insulated walls in
 
contact with the ground. 
 Insulation and special weatherproofing
 

techniques keep the interior surfaces of the walls warm and dry. 
In hot
 
climates, the walls in contact with the earth should remain uninsulated.
 
The cool interior surface will tend to 
be damp from condensation,
 
especially in humid climates. Particular care must be taken 
to
 
waterproof the surface of the wall which is in contact with the soil. 
A
 

40 percent cooling load reduction is possible with ground "coupling" in 
desert climates because of the lower infiltration rate and slower 

conductive loss through the walls and floor. 
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3.2.7.2 Earth Tubes 

Ee-th tubes are not well suited to hot climates because the soil 
temperatures are too warm and moisture content of the soil is too low, 
The length cf tube required to conduct heat from the outside air to the 
soil, and the required depth to which the tubes would be buried to find 
cool soil, are prohibitive. Even in more moderate climates, earth tubes 
ate seldom used because they can be difficult to design and install 
because they can be expensive.
 

3.2.8 Thermal Mass 

3.2.8.1 Overview 

Thermal mass in buildings can be advantageous in locations where
 
nighttime temperatures drop below comfort 
levels. Such temperatures
 
below the comfort range are often called "temperatures of opportunity". 
The cool. air of late night and early morning air can be circulated by 
mechanical means or via natural convection through a building. The 
coolness is "stored" in thermal mass for use during the day. Mechanical
 
systems that use outdoor air for comfort purposes are often termed
 
"economizer cycles".
 

In arid regions, courtyards that shade residents are common. 
The thick
 
masonry walls of such courtyards help dampen diurnal temperature swings,
 
reducing their impact on interior spaces. The courtyard is open to the
 
sky, surrounded by tall high-mass walls. Most of the rooms open onto 
the courtyard, where vegetation and fountains or pools evaporatively
 
cool the shaded space. Spaces for use during summer are oriented to the
 
north so they are always shaded. Water sprinkled onto the floor of the
 
courtyard adds to the evaporative cooling of the pool and helps keep
 
down dust.
 

An alternative to utilization of a thermal mass inside a building is 
mechanicail cooling of a rock storage bed by a fan circulating night air
 
throuoah the rock bed. During the room air isday, circulated through 
the cooled rock bed and provides a cooling effect for the building.
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3.2.8.2 Convective Coupling
 

Ii a medium-to-high mass building, the building can be "closed" during 
the day, allowing the thermal mass to absorb heat from incident solar 
radiation. At night, when the outside air temperature drops below the 
inside air temperature, the building can be "opened" to ventilation,
 
using natural or forced convection to flush out the warm interior air 
and also to cool the mass for the next day's cycle. To increase night
 
cooling, the building designer should try to maximize the surface area 
of the interior mass, increase the surface heat transfer coefficient, 

and increase the conductivity of the mass and consequently its heat 

capacity. 

Where mean daily temperatures drop to within a range from 16 0 C to 18 0 C, 
nighttime ventilation combined with a maintained integral thermal mass 
should be seriously considered for implementation.
 

3.2.8.3 Peak Load Reduction
 

Natural cooling and natural energy storage in the mass of a given
 
building can significantly reduce peak cooling loads and therefore lower
 
the need for new power plants. Thermal mass can absorb heat during the
 
day, producing a thermal lag and delaying the need for cooling until 
after the peak demand period in the afternoon. During later hours, 
required cooling could be delivered at lower usage or consumption rates,
 

reducing required equipment size.
 

Other methods of reducing cooling loads can also reduce peak loads. 
Natural cooling systems that incorporate thermal mass, such as roof pond
 
concepts, can be integrated with offpeak cooling systems. In general,
 
if the required mechanical equipment is operated at night to "store" 
cooling for use during 
the day, the cooling equipmet operates more
 
efficiently and consumes minimal or no electrical wattage during peak 

hours.
 

R630/13 .de 3-83
 



3.2.8.4 Large Buildings
 

A, with passive solar heating, passive cooling need not be limited 
to
 
residential structures. The 
 first step toward facilitating the
 
compatibility of large buildings with passive cooling is 
to decrease the
 
cooling load of the building. In many cases, major savings can be
 
realized with natural lighting and natural ventilation by increasing the
 
exterior surface area of the building. Proper design of the increased
 
external wall area with regard to thermal considerations (by using high
 
levels of insulation and thermally efficient glazing 
systems) can 
compensate for any unfavorable gain or loss of heat. The potential 
annual energy savings that can be realized from the integration of 
natural lighting with winter solar heat gain and summer natural 
ventilaton should not be underestimated. 

Passive cooling methods present several challenges when applied to large
 
buildings. 
 For example, it is difficult to provide sufficient amounts
 
of airlfow 
through the building during nighttime ventilation. In
 
addition, large commercial office buildings are often referred to as
 
"load dominated" as opposed to "skin dominated". Most of the energy
 
consumption of large buildings is used to 
remove heat generated inside
 
the building by lighting, people, and equipment. Because these
 
buildings share common walls, the 
reduced outside exposure results in
 
poorer natural lighting from daylight and natural ventilation.
 

The larger the building, the more likely it is that fans will be
 
required to circulate cool night air. The electrical consumption of
 
these relatively large fans must not 
exceed that of conventional
 
mechanical cooling systems. Analytical methods to determine the net
 
cooling effect of night air ventilation on a seasonal basis still need
 
to be developed. However, estimates can be made.
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As a general guideline for building design in hot dry climates, an 
air
 
circulation rate of 0.0051 m3 
per square meter of floor area can provide
 
a!'cut 0.397 MJ of cooling per day per square meter of floor area.
 
Building mass should be about 195.3 kg per square meter of floor area,
 
with an exposed surface area of about 1.75 m2 
per square meter of floor
 
area. 
 Larger airtlows are desirable. Airflows of 0.015 to 0.02 m3/s
 
per square meter or larger, in combination with interior building mass
 
of 366 to 732 kg per square meter of floor area, can provide about 1.14
 
MJ of cooling per day per square meter of floor area. 
 Similar cooling
 
effects of the building mass in other areas 
of the country will occur
 
where the minimum daily temperature is 15.5°C to 18.3 0C or below during
 
most of the cooling season. For this same temperature range, the
 
building mass will be cooled to between 18.3°C and 21.1C (ROB).
 

3.2.9 New Technclogies
 

Heat exchangers with heat pipes, desiccant cooling, phase-change heat
 
storage, and lightweight radiators are just a few of the many techniques
 
being investigated for passive ind hybrid cooling. 
As electrical costs
 
rise and the study of passive cooling becomes more important, both new
 
and traditional cooling methods (abandoned with 
the advent of cheap
 
energy) will become a part of the total design process.
 

Traditional methods are being rejudged. 
The formation of ice during the
 
winter, stored underground for use 
as a source for sunmer cooling, was
 
once popular in hot arid climates. Long shallow trenches oriented
 
east-west were protected 
from the sun with high adobe walls to the
 
south, east, and west. Severe heat loss 
to the night sky in winter
 
would allow the water in the trenches to freeze. 
 The ice was then moved
 
inside for summer use. This method, and the storage of cold 
water
 
underground in deep cisterns, had been abandoned in the Middle East for
 
health reasons. But both methods are being reactivated for utilizing
 
the ice and cold water for coolinq only, and not also for human
 

consumption.
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3.3 Design Methods Which Eqphasize Heating
 

The principal on-site energy sources that can be used to heat buildings
 
are the following:
 

1. 	Solar Radiation, both direct and diffuse.
 

2. 	Outside Air, usually 
when the ambient temperature is
 
greater than 23.90 C.
 

3. 	Internal Metabolism (from people, appliances, and electric
 
lighting).
 

A properly designed passive structure will use these heat sources plus
 
the heat sinks discussed previously to condition the building interior
 
year round. Passive designs which emphasize heating 
 oftenare 
classified as either direct gain, indirect gain, or isolated gain, 
depending on the mearis by which the solar energy is collected and 

distributed. 

The terms direct, indirect, and isolated gain were defined in section
 
2.2, Passive Technology Fundamentals. For 
 the sake of clarity,
 
condensed definitions follow.
 

Direct gain: 
 Thermal transfer between heat source and
 
heat sinks 
occurs inside the interior of
 
the building.
 

Indirect gain: 
 Thermal transfer occurs at the building
 
envelope. The building envelope serves as
 
a thermal barrier between the exterior heat
 
sources and 
heat sinks and the building
 
interior.
 

Isolated gain: 
 Thermal transfer occurs outside of the
 
building envelope, separate prom the
 
interior conditioned space of the building.
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3.3.1 Direct Gain
 

2.3.1.1 
 Definition
 

In direct gain systems, sunlight is admitted 
through south-facing

glazing (windows) into living space inside the house. 
 Exhibits 3-40,

3-41, and 3-42 illustrate examples of direct 
gain passive designs.

Thermal mass usually prevents overheating and 
excessive temperture

swings by utilizing thermal 
storage characteristics of the 
mass (i.e.,

high heat capacity, density, thermal conductivity). This mass may be in
 
the 
form of masonry materials, containers of water, 
or other massive
 
building materials. 
 For modest direct gain apertures, the mass of the
 
existing construction materials in the building and its contents may be
 
sufficient.
 

3.3.1.2 Glazing
 

Standard manufactured 
windows 
and skylights or any translucent or
 
transparent glazing systems incorporated into the south wall 
or roof of
 
a building may be used 
as the solar collector in direct gain systems.

To prevent 
heat loss associated with windows 
(such as conduction or
 
infiltration), glazing areas associated with direct gain systems must 1)

be fitted with moveable insulation for 
use 
at night and during cloudy

periods, 2) be double glazed, 
or 3) use one of the 
new low-emissivity

glazings. Moveable insulation may be in the form of a shutter, curtain,
 
or shade, which 
are operated automatically or manually from the inside
 
of the house (as illustrated in Exhibit 3-43). The 
material of the
 
moveable insulation should 
have an R-value of at least 
4 (English

units), 
and the bottom and sides of the installed insulation must have
 
an airtight seal to prevent air leakage. 
New "high performance" glazing

with low emittance 
metal oxide coatings offer performance equal to
 
triple glazing at lower
a cost. Exhibit 3-44 summarizes typical

advantages and disadvantaies of various glazing materials.
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\ 

diffusing glass 9"brlck wall 
faced with plaster 

"" :. - .... 5" Insulation 
2 panes of glass 9" concrete 
separated by 24"., ,2 panes of glass 

Z SA-separated by 24" 

........ ~~ . 6" concrete
 

SECTION m N 

EXHIBIT 3-41. Schematic Diagram of a Direct Gain Passive Design in 
which Sunlight is Diffused Over a Large Surface Area of M.asonry. (mrAZ)
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EXHIBIT 3-42. Schematic Diagram of 
a Direct Gain Passive Design Using
 
Sawtooth Clerestories. (MAZ).
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EXHIBIT 3-43. Examples of Movable Insulation
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Glaz ng: Adtzaztages and Dlsadrantages 

GLASS 


ACRYLIC 


PCLYCARBOtIATE 


FIBERGLASS 'REINFORCED 

POLYESTER 


POLYESTER FTLM 


POLYETHYLENE 


FILM 


POLYVINYL 

FLUORIDE FILM 


EXHIBIT 3-44. 


ADVANTAGES 


0 	 excellent selective 

transmission 


o 	transparent 

o 	good weatherability 


o 	 heat, air-pollution and 

u-v resistant
 
o 	 low tnerma], expansion 
o 	 easily obttined 

0 	 high optical clarity, 
stzength and weatherability 

o 	lightweight and easy to 

handle 


o 	impact resistant 


o 	insulation and transmission 

similar to glass 


o 	very high impact stiengtlh 

o similar to acrylics, but 


less solar transmission 


o 	low cost, easy to handle 

0 	 high strength and durability 

with coatings such as Tedlar 

o 	available flat or with 

corrugations 


o 	low cost 

o 	high surface hardness 


o 	very inexpensive 


0 	 light, flexible, easy to 

install 


o good inner glazing 

properties 


o 	excellent weatherability and 

strength 


o high solar transmittance 


o 
can be bonded to fiLerglass 


as a u-v resistant screen
 

DISADVANTAES 

0 	 expensive 
o 	breaks easily
 

o heavy 
o often difficult to install 

in large Fheets
 

o 	 expensive 
o 	prone to surface abrasion
 
o buckles and cracks if
 

not properly installed
 

a significant expansion and
 
contraction characteristics 

0 will sag at high temperatures 

0 	 scratches easily 
o 	not rigid
 
o 	becomes brittle and changes
 

color after prolonged
 
exposure to the sun
 

0 	 solar transmittance reduced
 
when u-v coatings are added
 

o 	will yellow and 'blossom'
 

without coatings
 

0 medium lifespan
 

o 	medium lifespan
 
0 	u-v degradation if not
 

coated
 
o 	relatively high longwave
 

transmittance
 

o 	short lifespan (less than
 
one year)
 

o 	poor resistance to long
wave radiation
 

o 	wind and temperature can
 

cause sag
 

o 	expensive
 
o 	available only in thin films
 
o 	relatively high longwave
 

transmittance
 

Glazing: Advantages and Disadvantages (PAS)
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3.3.1.3 Thermal Mass
 

3.1.1.3.1 Overheating
 

For comfort reasons, direct gain systems must not be overheated. If the
 
south-facing glazing area in a well-insulated house is greater than 5 to
 
10% of the floor area and no thermal mass is provided, the living space
 
may overheat on sunny days (both in winter and summer). Overheating not
 
only causes discomfort to the buildin's occupants, but also indicates
 

passive design inefficiency. Unlike insulated or noninsulated walls,
 
glazing areas offer little resistance to conductive heat loss/gain. For
 
example the overall heat transfer coefricients, U, of a single pane
 
window and masonry wall typically are as follows: (SOL-l)
 

Item U, BTUh/ft2/F U, W/m2/'C
 

Single Glass 
 1.13 6.41
 
Metal Sash
 
(Wintec)
 

Masonry Wall 
 0.21 1.19
 
(face brick, 4" [10.2 cm),
 
1/2" [1.27 cm] cement mortar,
 
8" [20.3 cm] cinder block,
 
3/4" [1.9 cm] air space and
 
1/2" [1.27 cm] gypsum board)
 

From the above tabulation, it can be seen that the potential heat loss
 
through a window is several 
times greater than the potential losses
 

through a wall.
 

Care must be taken to properly size south glazing collection area. The
 
excess glass area (which contcibutes to overheating during sunny
 
winter days) increases the heating load at night and during cloudy
 
periods. It is also responsible for additional cooling loads in the
 
summer (increased area for summer solar gain).
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The size of direct gain systems (i.e., glazing area) may be increased in
 
buildings having interiors constructed of massive materials. 
Mass heats
 
up and cools off slowly (providiny a thermal lag effect); this effect 
can prevent sunny day overheating and help offset 
nighttime heating 
loads. Thermal mass is most effective when placed in direct sunlight. 
Exhibit 3-45 illustrates the effect 
of massive building materials on
 
interior daily temperature swings.
 

3.3.1.3.2 Suitable Materials
 

Exhibits 3-46a and 3-46b are schematic diagrams of typical masonr y and 
interior water wall storage systems in direct gain systems.
 

The following physical properties are used to characterize a material's
 
potential for use as a thermal storage medium:
 

1. Heat capacity, KJ/Kg°C, represents the amoint of energy 
required to the
increase temperature of u unit mass of
 
material. For example, if 1 kg of water were heated from
 
150 C to 300 C, it stores:
 

(1Kg) (150 C) (4.19 KJ/Kg°C) = 62.8 KJ of energy. 

2. Thermal conductivity, W-M/m20C, is a measure of a given 
material's resistance to energy flow within the material. 
A high thermal conductivity value means the material will 
easily conduct heat through the material; it is a "good 
conductor". 
 A low value denotes resistance to heat flow;
 
the material is a "good insulator".
 

K, maple or oak 0.17 W/m°C
 
K, glass wool 
 0.038 W/mOC
 

3. Density, kg/m
3
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EXHIBIT 3-45. Illustration of the Effect 
of Heavy and Light Weight
 
Building Materials on Interior Daily Temperature Swings (BAL)
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DAY NIGHT 

MASONRY HEAT STORAGE 

-__---

DAY NIGHT 

INTERIOR WATER WALL 

EXHIBIT 3-46a. 
 Example of Masonry and Interior Water Wall Storage in a
 
Passive Direct Gain System. (MAZ)
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EXHIBIT 3-46b. Illustration of Heat Transfer in Concrete and Water 

Storage Mass Systems. (MAZ) 
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4. Absorptance, the fraction of incoming solar radiation that
 
is absorbed by a material.
 

5. Emissivity, the measure of a material's ability to radiate 
thermal (long-wave) radiation.
 

Building materials suitable for asuse direct gain heat storage are as 
follows:
 

For Floors: 
 Concrete, either poured-in-place or precast panel systems,
and either on-grade or on 
upper floors, are suitable. Concrete made
with lightweight aggregates 
such as perlite and vermiculite are 
not

suitable, because of their low specific heat (storage) characteristics.

Concrete should be at least 4 inches (10.2 cm) thick and 
insulated at
the building perimeter. 
 The concrete must be left exposed, painted, or
tiled with ceramic (not vinyl 
or resilient 
tile). Carpeting is not
acceptable because it acts as an insulator. Concrete poured on-giademust always be poured atop a vapor barrier 
to minimize moisture
absorbance and increase in conductive heat loss. The amount of floormass depends theon amount of glazing, spacethe available, and the 
location of the mass.
 

For Walls: Poured concrete, concrete block, brickor work well. Theinterior surface 
of the storage walls are 
generally 
left exposed,
painted, or plastered on 
the interior so 
that the plaster is in direct
contact with the masonry. If wall finishes are attached to the wallwith any framing system that leaves an air space, the wall will not be
effective (stagnant air acts as an insulator). The exterior surface of
the walls must be insulated to prevent heat loss to the outside.Poured, lightweight aggregate or lightweight blocks are not desirable.
 

Water: 
 Containers of water placed in direct sunlight--culvert pipes,
5 5-gallon (208.2 1) drums a:,d fiberglass-reinforced plastic tubes--are 
among those 
 currently being used. 
 Metal containers 
 should be
rustproofed. 
 Water should be sealed off air so it will not
from 

evaporate. It beshould chlorinated so that it is unable to support 
plant life.
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Eutectic Salts: Although eutectic (phase change) salts have a large
 
heat storaage capacity per unit volume, they may not always be suitable
 
fcc heat storage in passive systems unless sufficient surface area is
 
maintained. Eutectic salt storage should not 
be sized based on heat
 
storage capacity alone, but on surface area exposed to direct or
 
indirect solar radiation and living space air (which effects heat
 
transfer rates 
from storage to the living space). Containers one inch
 
to two inches (2.5 cm to 5.1 cm) thick are desirable. The phase change
 
temperature must be near the normal comfort range (700C-750F,
 
21.1 0-23.9 0 C). The cyclic storage and removal of heat (or cold) from
 
two-phase materials such as eutectic salts are beset with 
problems
 
associated with the physical compounds. There have been a number of
 
changes in volume and shape of containers that result in an increase in
 
the number of satisfactory cycles that can be experienced before the
 
mixture becomes ineffective or inoperative. However, the life time is,
 
as of this writing, far from satisfactory. As advances are constantly
 
being made, an investigation of the state-of-the-art at the time of 
consideration is advisable. If the problems can be solved, the 
advantages of eutectic salt storage are highly superior to those of 
other stocage mediums. 

3.3.1.4 Shading
 

Effective direct gain systems must not increase summer cooling loads.
 
For vertical windows, moveable shading that totally shades the window
 
during the cooling season is required. Clerestories with vertical
 
glazing must also be shaded. (Examples are illustrated in Exhibit 3-47)
 
(See Section 3.43, Shading Passive Apertures and Section 3.2.2, Solar
 

Control).
 

Skylights are more likely to cause summer overheating than south-facing
 
windows because they face the high summer sun more directly. Skylights
 
are also more difficult to shade on the outside. A reflective shade or
 
shutter, closed directly inside the glass, will be almost as effective
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SKYLIGHT 

EXHIBIT 3-47. Examples of Shading of Direct Gain Systems (MAZ)
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as outside shading. The reflective surface may be any shiny metal 
or
 
aluminized film that acts like a mirror, reflecting the light out of the
 
billding. It 
must be designed and constructed so that it will not
 
deteriorate in heat and sunlight. 
A reflective surface on the back of a
 
thermal curtain or shutter will make 
it useful both in summer and
 
winter, because the desired heat gain to or heat loss from the occupied
 
space can be attained by presenting the proper side to the sun.
 

3.3.1.5 Advantages and Disadvantage of Direct Gain Designs
 

3.3.1.5.1 Advantages
 

o 
 Glazing is a relatively inexpensive form cf solar collector
 
and is widely available and thoroughly tested.
 

o 
 The complete system can be one of the least expensive means
 

of solar heating.
 

o 	 Direct gain is the simplest solar energy system to
 
conceptualize and can potentially be the easiest to build.
 
In many instances it is achieved by simply relocating
 
windows to proper orientations (i.e., true south).
 

o 	 Glazing serves multiple functions. It allows solar
 
radiation to enter the building for conversion to heat, it
 
admits natural daylight, it provides visual 
access to the
 
outside, and it minimizes heat loss to the outside.
 

o 	 To provide only a fraction of the heating needs of a
 
building, direct gain systems do not necessarily require a
 
means of thermal storage.
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3.3.1.5.2 Disadvantages
 

o 	 Large expanses of glass area can result in too much glare 
during the day and undesirable loss of privacy at night.
 

o 	 Ultraviolet radiation 
 in sunlight will fade fabrics,
 

photographs, paintings, etc.
 

o 	 If the design is to achieve large energy savings, then
 
relatively large glazing areas and large amounts of thermal
 

mass are required to reduce wide temperature swings.
 

o 	 Internal diurnal temperature swings of 15°F to 20OF (8.3'C 

to 11.1 0C) are common. 

o 	 Providing for reduced heat loss at night through the
 

glazing can be expensive and awkward.
 

3.3.2 Indirect Gain (Mass Walls)
 

3.3.2.1 Definition
 

In 	mass wall systems, sunlight shines through vertical south-facing
 

glazing directly onto a heat storage mass but not directly into the
 
living space. The heat storage mass is thermally connected to the
 
living space either by radiation, by a one-way convective loop, or by
 
a combination of radiation and a convective loop (this concept is
 
illustrated in Exhibit 4-48). The primary material of the heat storage
 

mass may be masonry, stone, brick, or water. Sysi:ems employing masonry
 
materials are often referred to as Trombe walls. In Trombe walls,
 

conduction through the wall introduces a thermal time lag between the
 
time at which the solar energy is collected and the time at which it is
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delivered to the house. Typically, heat is not conducted through the
 
wall Lmtil early evening. Vents are sometimes added to minimize or
 
eliminate this time delay and facilitate provision of daytime heating.
 

The components of a mass wall are: 
 glazing, mass, venting (optional),
 

and sumner shading.
 

3.3.2.2 Glazing
 

Glazing may be any transparent or translucent glass or heat 
resistant
 
plastic, made as airtight and watertight as other residential window
 
systems. Although double glazing is common, triple glazing or night
 
insulation provides notable 
increases in performance. Extra attention
 
should be given to minimizing air infiltration by use of caulking or
 
other airtight sealant in all cracks 
and joints around the frame.
 
Caulking compounds should be able to resist temperatures up to 1800F
 
(82.2° C).
 

In vented systems where house air circulates behind the glass,
 
provisions should be made for cleaning the inside of the glass. 
 The
 
glazing panels should be made removable or the space between the glass
 
and the mass should at be at least 16 inches (40.6 cm) wide with 
an
 
integral access door.
 

3.3.2.3 Mass
 

Materials for indirect gain mass may be masonry (stone, brick, concrete)
 
or contained water. (Examples are provided in Exhibit 3-49.)
 

3.3.2.3.1 Masonry
 

Masonry may be poured concrete, stone, or concrete masonry units not 
made with lightweight aggregate. Cores of hollow bricks and blocks 
should be filled with mortar or sand, as air spaces decrease thermal 
performance. Reinforcing bars, when needed for structural reasons, will
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EXHIBIT 3-48. Examples of Mass Wall Passive Systems
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Steve Baer house. 

DB GLAZINGWELL-INSULATED ROOF 

E2TN-THICKta s WALL AND FLOOR 
CONCRETE WALL3-ALL 

. ...COL13 AIR 
AIR SPACE RETURN :: 

AIRSP CE-. ."... .
 

Section. Trombe house. Odeillo, France. 

EXHIBIT 3-49. Examples of Indirect Gain Mlass Systems 
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not degrade performance. 
The wall should have a thickness of at least 8
 
inches but not more than 18 inches (20.3 cm to 45.7 cm). 
 The side of
 
thn wall presented 
to the outside should be a dark color, preferably
 
black. Paint, 
if used should withstand temperatures of up to 180°F
 
(82.2 0 C). Walls facing the building interior should be either left
 
unfinished, painted, or plastered directly over 
the masonry without
 
using any furring or framing system that leaves an air space. 
 Perimeter
 
insulation is necessary to prevent excessive heat loss to the ground or
 
walls at the ends of the glazing. Large wall units may need extra floor
 
support due to increased loads.
 

3.3.2.3.2 Water
 

Containers of water, as described in the Section 3.3.1, Direct Gain, may

be used to constitute the mass of a wall system. 
 In this application,
 
the containers are built into a space separate from the occupied space,

and the two are connected by vents. 
 Systems where water containers are
 
not in a space separate from the living space are direct gain systems.
 
The weight of the water must be accounted for when Lhe building floor
 
loads are calculated and the structure designed. 
Exhibit 3-50 lists the
 
thermal lag effect obtained from the use of various materials. Exhibit
 
3-51 illustrates the effect of mass 
thickness on interior temperature
 
swings.
 

3.3.2.4 Venting
 

can
A mass wall be vented to the interior at the top and bottom to
 
provide a thermosiphon loop. 
Venting keeps the wall's surface (exterior
 
face) cooler, allowing for more efficient energy collection. Potential
 
problems occurs at night when unwanted cooling of the room occurs as the
 
air in contact with the exterior face of the wall cools, drops, and
 
flows back into 
the interior. Prevention of such an action 
is
 
accomplished by installing self-closing dampers for the vents. 
 Exhibit
 
3-52 provides a schematic diagram of a vented Trombe wall.
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Experimental values of tim*4ag in tranumnssion of solar heat 
throujh waills 

Time-4ag 

Construction lhr) 

Wood siding. 1-in (2.54 cm) sheathing, studding, lain and plaster 2 

Wood siding, 1-in (2.54 cm)r seathing. stud space filled vrtn 
insulition.13l n anu plas r. .. .. .. .. .. .. .. .5 

4-in (10.2 cm) brick. 1 in (2.54 cm) sheathing. stuudng, lath 

and plaster .. .. .. .. .. .. .. 7.. 
-4.in (10.2 cm) brick. 8.in (20.3 cm) tile and plaster 10 

9-in (23 cm) brick. w.lastered. ...... .. .. .. .5 
13-in (33 cm) brick. Wl et.d.. .. .... .1212........ 

EXHIBIT 3-50. List of Thermal Lag Effects (BAL)
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Effect of Wall Thickness on :pace Air Temperture Fluctuations 

Thermod . Recommended AppiOxJncisi lrd4oo Temp.r x ('F)Cordctttny Thkkness Fkbchatho as a ,n hton of Woall(Bh/hr.-f*r) QIn.) Thickn.,e 

4 6 12 16 20 24 
its. &M Int. In. In. In. 

A0obe 0.30 ... 8BrCK (commron) 042 
8-12 7 7. 8.

10-14 ... 24" If"Concrere (der-1o) 7"1.00 1248 ... 28* 16 I
B ,ck(mnor O3jrr, 

c2.20-
•c& 24' 17, 12" 9.... 6 O moo 31 I" 1. I1" 10" 9. 

Asiurne: o Ooakbie-. ed nt"wm- W%.aIt -<)hOro maszs ii loxated i tNO oe,. sLuch ws 
mrose Wsed. Vaauei rrven cortCwnte(-o c~ r 3yL

2ma issnesuncornaot Used as on Ocittve to WckIc 

s ro ,osry ortn/or floor, then tlemperotfte MCiuCr,cU ww be lois Iron 

to CneooricIt coio( ItowO grottyicroises the Mttsef0 COI I;ry f m rteo .3W1rn wi o rvtwv).toeL. cyra'de', Oothr types of crucul 
Ote 

containers. w.e ot least a 9A 4nch diameter co tainer of 1hcubic fool (31.2 to of 334 goi) of wato-omOCioC S .OIA toot of gicZlng. 
for 

EXHIBIT 3-51. Illustration of the Effect of Wall Thickness on Space 
Temperature Fluctuations (CEC-2)
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During the cooling season, vents 
to the interior remain closed during
 
the day. The exterior surface of the wall can be vented to the outside.
 
Cc--ling of the interior space is accomplished by using outside vents to
 
enhance natural ventilation.
 

The usefulness of vents in mass walls is greater colder
in climates
 
where maximum daytime heating is desirable and required. Heat delivered
 
by theLmosiphon vents increases daytime heating but 
does not raise
 
minimum nighttime temperatures. It has been suggested that in locations
 
with average January temperatures greater than 50°F (100 C) and good
 
insolation, vents are not needed for efficient design performance.
 

3.3.2.4.1 Direct Gain Systems
 

Unvented masonry walls 
are less expensive to construct t 1 1, vented
 

walls. The time delay due 
to the presence of an unvented mass such
is 


that heat is not delivered to 
the house until early evening. Therefore,
 

unvented walls are best used in conjunction with direct gain windows.
 

The windows provide daytime heating, Pnd the unvented wall helps provide
 

heat as required.
 

3.3.2.4.2 Mass Walls Without Direct Gain Glazing
 

If mass walls are used without direct gain means, the
and associated
 

space is used during to
the day, venting should be included facilitate
 

daytime heating. As the air is heated, its density decreases and it
 
flows upward in the space between the glazing and the mass. Vents are
 

located near the bottom and the of the
top mass wall. In a masonry
 

wall, the vent openings are in the wall itself. In a water wall, the
 

vents are in the partition between the water containers and the living
 

space. When air in the system 
is warm, it will exit the living space
 

through the upper vents and be replaced b, cooler air entering the lower
 

vent.
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THICKNESS 

4n4 
A d,, 

Vent placement and] Sizingc in mass wall should be as shown in 
the illustratiorn 

EXHIBIT 3-52. Diagram of a Vented Trombe Wall (CEC-2) 
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Air cooled at night will tend to drop or flow down the glazing and out
 

of the bottom vent. This outgoing cool air will be replaced at the top
 

of the glazing by warm house air. To prevent this reverse flow, an
 

adjustable vent should be installed in each lower vent opening.
 

3.3.2.5 Shading
 

Mass walls should be shaded during the summer to prevent overheating.
 

Fixed shades with awnings, night insulation or vegetation are possible
 

solutions (see Section 3.4.3, Shading Passive Apertures).
 

3.3.2.6 Advantages and Disadvantages of Mass Wall Systems
 

3.3.2.6.1 Advantages
 

0 	 Glare, loss of privacy, and degradation of room contents by 
ultraviolet exposure are not problems.
 

o 	 Temperature swings in the living space are lower than with
 
direct gain or thermosiphoning systems.
 

o 	 The time delay between the absorption of radiant energy by the
 
surface and the delivery of the resulting heat to the space

provides warmth in the evening when most houses need it.
 

3.3.2.6.2 Disadvantages
 

o 	 Two south walls, a glazed wall and a mass wall, are needed.
 

0 	 Massive walls tend to be costly and are not generally used in 
modern residential construction (although thermal storage walls 
may be the least expensive way to achieve the required thermal 
storage as they are compactly located behind the glass). 

o 	 The mass wall occupies valuable space within the building.
 

o 	 In cold clliftates considerale heat is lost to the outside from
 
the warm wall through the glazing unless the glazing is
 
insulated at night; moveable insulation tends to be expensive
 
and awkward.
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3.3.3 Isolated Gain (Thermal Storage Roofs)
 

3.'.3.1 Definition 

In roof pond systems, the thermal storage means is located on the roof 
(as illustrated in Exhibit 3-53). One typical roof pond system utilizes 
water stored in large, clear vinyl bags that are supported on a black, 
waterproof liner on the roof. Solar radiation is absorbed both by the
 
water and the black liners. This heat is then conducted and radiated
 
through the ceiling, which is in contact with the bags, to the space
 
below. Insulating panels cover the roof ponds at night to minimize heat
 

loss.
 

This type of system can be used for .ooling during the summer. The
 
water absorbs heat from the space below during the daytime and radiates
 
heat to the cold night sky. Evaporative cooling can be used effectively
 
by flooding bags with water. The insulating panels then cover and shade
 
the roof ponds during the day to minimize solar heat gain. They are
 
removed at night to permit heat loss and therefore facilitate cooling.
 

3.3.3.2 Typical System Configuration
 

Exhibit 3-54 illustrates a cross-sectional view of a "Skytherm" roof
 
pond and moveable insulation system used on a house in California,
 
U.S.A. (NIL). The house was designed in accordance with applicable
 
earthquake codes for the region. The living space has an area of
 
approximately 1098 square feet (102 square meters). Above this ceiling
 
is a layer of water 7.8 inches (20 cm) thick. The water is sealed in 
clear ultraviolet inhibited, 2 inches (50 mm) thick polyvinyl chloride 
bags, as shown. Underneath this 53,572 pounds (24,300 kilograms) of 
water is a thin layer of black polyethylene to help absorb irradiation 

at the bottom of the bags. Additionally, an air cell of inflated clear 
plastic sheet above the water bags enhances the greenhouse effect during 

the heating season. This air cell is deflated in the summer months to 

enhance radiative cooling. A 0.1 cm thick steel deck supports the water 

bags and provides good heat transfer to and from the living space.
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coolino day cooling might 

heating day heating night 

"
EXHIBIT 3-53. "SkythermI Thermal Storage Roofs: Summer and Winter 

Operation. (HON) 
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EXTRUSIONS ."--PVC FLAP SEALS 
WATERSLAR PVCEL-

BLAC LMINATEDR 

HEAT SEAL - -" GUTTER U.V INHIBITED CLEAR .018-IN 

PVC 

WATER CLEAR PVC 
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POLYETHYLENE LINER 
..... /. -- " -----. ASPHALT SEALANT 

C E IL IN G.t STEEL DECK, FLAT 

'TOP, EMPTY CAVITIES 

EXHIBIT 3-54. Cross Section of Water Bag and Panel System (MAZ)
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Above the roof ponds, a system of moveable insulating panels is mounted
 
on horizontal steel tracks. The insulation is rigid polyurethane 2
 
in >.cs (5.1 cm) thick faced on both sides with aluminum foil. Movement 

of the panels is accomplished by means of a 1/6 hp motor operating about
 

10 minutes per day.
 

3.3.3.3 Thermal Characteristics
 

Water 
can store more energy per unit weight than other common building
 
materials (sensible heat gain), 
and roof ponds typically have water
 
depths of 7.9 to 11.8 inches (20 to 30 cm). Because of the inherent 
free convection of water within a bag, the bags
water operate
 

isothermally, quickly transferring any temperature gain or loss into the
 

building space. This is quite different from concrete thermnl storage
 

walls that exhibit a time lag effect from the 
time the outer surfaces
 

change temperatures to the time when the temperatures of inner surfaces
 

change.
 

Initially, it may seem that a lack of time-delay would be a serious
 

disadvantage of roof ponds as 
it would eliminate natural diurnal
 

cycling. However, the moveable insulation largely controls the
 

temperature of the roof pond. The temperature drops as low as 180C 

(64P F) in summer and is permitted to climb as high as 29°C (840 F) in the 
winter. Typical day-long heat collection efficiency is 45 percent 

(YEL-3). Less than half of the available heat is transferred downward 

into the house; the remainder is lost through and around the closed 

insulation panels. 

Exhibit 3-55 illustrates the overall thermal performance over a 9-month
 

period for a selected dwelling built with thermal storage roof and 
movable insulation panels. As the figure indicates, only small
 
variations occuLLed in indoor temperature. Pliring the winter and 

summeL, interior temperatures typically fluctuated beteen 19C ,66F) 
and 23 C (73 F) while the outdoor averaae daily temperature fluctuated 

R631/19 .de 3-115
 



35 OUTDOOR AVEnAGE DAILY HIGH go 

30 AVERAGE ROOM TEMP. 

AVERAGE ROOM 
25 
 DAILY RANGE T 

15
 

.10 
 OUTDOOR AVERAGE. 50
 

.-... .DAILY LOW5

40
 

FEDMAAP9l' MA4U U UG SEP OCT 

EXHIBIT 3-55. 
 Monthly Average Temperature of the Atascadero House (NIL)
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between 8°C (46°F) and 28"C (820 F) throughout the entire year. This
 
house is 100 percent solar heated and cooled and has no backup system.
 
Or-cupants of this particular dwelling have found the heating and cooling
 
to be "superior" to conventional systems previously experienced (NIL).
 

3.3.3.4 Advantages and Disadvantages
 

3.3.3.4.1 Advantages
 

o 
 Both heating and cooling can be provided.
 

0 	 Compared with many passive systems, the heating and cooling
 
effects are more uniformly distributed throughout the
 

building.
 

o 	 Temperature swings in the building may be small.
 

o 	 Glare and ultraviolet degradation are not problems.
 

3.3.3.4.2 Disadvantages
 

o 	 The 
heavy weight of the thermal mass above the ceiling
 
might be psychologically unacceptable (especially 
in an
 

earthquake-prone area).
 

o 	 The thermal storage 
roof area must be at least 50 percent
 
of the structure's 
 total floor area to produce a
 
significant fraction of the thermal energy needs of the
 

building.
 

o Structural support for the heavy mass can be costly.
 

R632/4.de 
 3-117
 

http:R632/4.de


3.3.4 Isolated Gain (Sunspaces)
 

3 3.4.1 Definition
 

In sunspace systems as illustrated in Exhibits 3-56a and 3-56b), 
sunlight is admitted through south-facing glazing into a space that is
 
large enough to use as living space, but which is thermally closed off
 
by the building occupants from the rest of the building. (It is not
 
heated or cooled by a conventional furnace or air conditioner.)
 
Sunspaces are characterized by larger glass areas and larger temperature
 

swings than would be acceptable in These
a direct gain space. large
 

swings are permitted because the sun not
space is a conditioned living
 

area. 
 Typically, occupants will open windows and doors connecting the
 
house and sunspace during sunny days, but close 
them during the night
 

and during cold, cloudy periods.
 

A sunspace can be made suitable for plant giowth by adding to
mass 


dampen temperature swings and moveable insulation retain heat at
to 


night. Sunspaces used as greenhouses will be humid, and interior
 

finishes should be moisture-resistant using materials that 
are typical
 

of the building exterior, or moisture-resistant paints and finishes 
as
 

used in bathrocms and kitchens.
 

Because of their large glass areas, sunspaces are likely to cause summer
 

overheating unless they are properly 
shaded and ventilated. Proper
 

design and location of shading devices, vert openings, and limited
 

sloped glazing will prevent summer overheating. The components of 
a
 

sunspace are south-facing glazing, east and west walls, a boundary wall
 

between the sunspace and house, operable openings in this wall, thermal
 

mass, and summer shading/ventilation. Moveable insulation is an
 

optional component that will improve the performance of a sunspace.
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EXHIBIT 3-56b. Isolated Gain--Attached Greenhouse (MAz)
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3.3.4.2 Glazing
 

G1azing may be any transparent or translucent glass or plastic, either
 
vertical or sloping, either manufactured or site-built. All glazing
 
must be at least double-glazed, and metal frames should have a thermal
 

break. Insulation should be installed between the outer and inner metal
 

faces so as to inhibit direct thermal conduction. Glazing in sunspaces
 

must be as airtight and watertight as any other residential window
 

system. Special care must be taken to design watertight joints on
 

sloped glazing. Since condensation is likely to form on the inner
 
glazing, interior sills should be water resistant and should slope away
 

from the glazing.
 

3.3.4.3 Exterior Walls
 

Walls :,nd roofs between the sunspace and outdoor environment are to be
 
built with the same amount of insulation and care against air
 
infiltration as any exterior wall. They may be either insulated wood
 

frame or insulated masonry. The perimeter of the sunspace at grade must
 
be insulated, either at the edge of the floor slab or on the exterior of
 

the foundation wall.
 

3.3.4.4 Boundary Walls
 

These walls must be either insulated walls or masonry heat storage mass
 

walls. An insulated wall has as much insulation and is as resistant to
 

infiltration as the exterior house walls.
 

3.3.4.5 Openings Into House
 

Openings may be standaLd windows and doors, 
or vents with operable
 

grilles installed with the same precautions as taken against air
 

infiltration through exterior 
doors and windows. Other operable
 

openings, such as shutter or overhead garage doors, may be used provided
 

they seal tightly when closed.
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3.3.4.6 	 Mass 

M ss must be provided for heat storage if the space is not closed off at
 

night. Heat storage mass is commonly either masonry or water.
 

Masonry: A masonry building, a masonry exterior wall insulated on
 
the outside, or a masonry floor insulated at the outside
 
edge are all useful as heat storage mass. In addition,
 
sunspaces may have gravel floors or pavers set in sand.
 

Water: 	 Water in containers, as described in Section 3.3.1, Direct
 
Gain section, will be useful as heat storage mass. Hot
 
tubs or fish ponds placed in a sunspace are not useful as
 
heat storage if their temperature is artificially
 
maintained.
 

3.3.4.7 	 Shading and Ventilatiorp
 

Because of large glass areas, sunspaces are likely to overheat in
 

suimmer. Overheating inust be controlled by adequate shading and/or
 

ventilation that is either natural or forced.
 

3.3.4.8 	 Advantages and Disadvantages
 

3.3.4.8.1 	 Advantages
 

o 	 Temperature swings in adjacent living spaces are small.
 

o 	 Sunspaces provide space for growing plants.
 

o 	 Heat loss from buildings is reduced since sunspaces act as
 
buffer zones.
 

o 	 Sunspaces are readily adaptale to existing buildings.
 

o 	 Since the sunspace serves more than one function, it is a
 
natural and integrated part of the building design.
 

3.3.4.8.2 	 Disadvantages
 

o 	 Thermal performance from one design to another, which makes
 
performance of sunspace designs difficult to predict.
 

o 	 Sunspaces are a relatively expensive means of solar
 
heating.
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3.4 Passive Desiqn Considerations
 

Th*.7 portion of the notebook has tried to stress the fact that passive
 
solar design is very site specific. Climate determines the needs of the
 
building, whether heating or cooling 
are required. Therefore, unlike
 
active solar systems, there are not set passive designs which are
 
applicable in a variety of situations. The following references may be
 
helpful tor the process of peliminary passive solar design:
 

1. 	Mazria, Edward, Passive Solar Energy Book: Expanded

Professional Edition, R-d-ale Press, Emmaus, PA, 1979.
 

2. 	Niles, Philip and Haggard, Kenneth L., Passive Solar
 
Handbook, California Energy Commission, Sacramento, CA,

1_9-7 

3. 	Balcomb, J. D., 
 et. a!., Passive Solar Handbook---Passive
 
Solar Design Analysis, vol 2 U.S. Department of Energy,
 

4. Total Environmental Action, Inc., The Thermal Mass Pattern
 
Book, Harri.sville, NH, 1980.
 

3.4.1 Solar Collection Surfacez
 

Perhaps the most difficult aspect of passive solar design is sizing the
 
passive aperture (collector area). As the size of the aperture is
 
increased, the heating energy requirements of the building generally
 
decreases. It is essential to 
recognize diminishing returns which
 
result form the inability of the passive system to use all the energy
 
that it collects. The energy collected by the first square meter of
 
glazing added is used throughout most of the heating season. However,
 
energy collected by the four hundredth square 
meter (for example), is
 
only useful during the coldest time of the year, as a smaller aperture
 
would meet the heating load in the spring and fall seasons. Therefore,
 
the average "productivity" decreases as 
the 	aperture size increases.
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A second consideration in selecting the aperture size is the dynamic
 

thermal performance, which affects the occupant's comfort. Passive
 

s stems usually collect more energy in the spring and the fall then can
 

be used (or desired, as in the fall). This energy must be kept out of
 

the 	building by use of shading or venting. Handling large, unwanted
 

temperature swings should be considered when determining the aperture
 

size.
 

Most homes contain enough mass in the normal building materials and have
 

enough daytime heat loss to support a reasonable passive aperture
 

without adding additional thermal mass.
 

A third factor that must be considered in sizing the passive aperture is
 

the effect on the cooling load. Cooling loads increase directly as
 

aperture area is added, and at some point will cancel out the heating
 

savings. This point is the upper limit for the aperture size, and the
 

optimum size is obviously smaller.
 

Sophisticated computer analysis, combined with accurate cost
 

information, is required to determine the optimum passive aperture size.
 

However, the following rules of thumb are useful for preliminary design:
 

o 	 Incorporate sufficient passive aperture area to bring the
 
house to the overheating point. This is typically 5 to 10
 
percent of the floor area, depending on the type of
 
constrcution, insulation levels, and the climate.
 

o 	 Locate passive collection surfaces within 300 of true south
 
(not magnetic south).
 

o 	 The collection surface should receive direct sunlight
 
betwen 9 a.m. and 3 p.m. local standard time during the
 
heating season.
 

o 	 The collection surfaces should be completely shaded during
 
the peak cooling season. Trellises, moveable louvers,
 
awnings, roof overhangs, decks, lofts, or other external
 
and internal shading devices can be used.
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" 	 Passive aperture areas can collect diffuse solar radiation;
 
to take advantage of this, locate a fraction of the
 
collection area on south-sloping roof areas.
 

o 	 Allow sunlight to strike thermal storage mass (or any
 
absorber surface).
 

o 	 Glare can be reduced by collecting sunlight from windows
 
facing north, east, and west. It is recommended that their
 
combined area should be at least ten percent of the south
 
glazing area.
 

o 	 As a general rule of thumb (STR) south-facing glazing in
 
rooms you want to heat by direct gain should total 13
 
percent of the floor area in these buildings. In extremely
 
cold climates, (over 7500 degree-days/yr [ F]) south-facing
 
glazing should be 15 percent of floor area; in warmer
 
climates (less than 4500 degree-days [OF]) south glazing
 
should total 10 percent of floor area.
 

o 	 Use standard-size windows, sliding glass doors and
 
skylights for direct gain apertures. Standard sizes are
 
less expensive. Readily available sizes include: 71.1 x
 
193 cm, 86.4 x 193 cm, 124.4 x 193 cm, constructed of
 
double insulated tempered glass.
 

o 	 Use acrylic or fiberglass glazing materials in standard
 
sizes of 4 x 8, 4 x 10, 4 x 12 feet (1.22 x 2.44, 1.22 x
 
3.05, 1.22 x 3.66 meters) for greenhouses or other
 
applications where clear glass is unnecessary.
 

o 	 Increase size of collection areas to compensate for shading
 
of the collector area by trees or other obstructions; also
 
increase aperture area to account for an orientation more
 
than 200 from true south.
 

" 	 If feasible, tilt collector surface at an angle
 
perpendicular to the altitude of the sun at noon on
 
December 21.
 

o 	 Greenhouse or sunspace glazing should be tilted at an angle
 
at 250 plus latitude.
 

o 	 In areas with a short heating season and a long cooling
 
season, use only vertical apertures. (Vertical surfaces
 
are easier to shade than tilted surfaces.)
 

o 	 Use translucent materials in the roof, house, or sunspace
 
to reduce glare and to scatter light and energy. If
 
feasible, use a reflective surface to direct sunlight into
 
the collector areas and/or thermal mass.
 

" 	 Consider triple-glazed window or door units on 
north-facing, east-facing, and west-facing openings. 
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Sizing Solar Windows for Different 
Climatic Conditions' 

Average Winter 
Outdoor Square Feel of Window3 

Tempgratuo (OF) Needed 
(degee-days/mo.)2 

lach One Square Foot 
for 

of Floor Area 

Cold Climates 
151 0.500) 0 27-0 42 (w/right insulation over glass) 

20- (1.350) 024-038 (w/night insulation over gross) 
25' (1.200 021-033 
30 (1.050) 019-029 

Temperature Climates 
35" (900) 016-025 

40- (750) 013-02) 
45- (600) 011-0 17 

1These ratios aply to a residence with a space heat loss of 8 to )0 Btu/lay.sco tt.'F If spoce
heat loss is less. lowef values can be used. These ratMOS con also be used for othe buildingtypes having snlar heating requrements. Adlustiments should be rode for odlihonl heat 
galns from lIghts. people and appliances. 

2Temperatures and degree-dayi ore tsted for December and Jaruory, uuafty the cokldet 
months. 

3 Within each range. choose a ratio according to yotw ,tlhde. For southern lotitudes. ie. 
35NL use the lower winow-to-tooe area ratios: for nothem latitudes. .e. 48"NL use the 
Nghe ratios. 

EXHIBIT 3-57. Direct-Gain Glazing, (CEC-2)
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SWing the Attached Greenhouse for 
Merent Climatic Conditlons 

Average Wlltt Square Feet of Greenhous Glas'Outdoor Temperature (F) '4eeded for koch One Square Foot
(degree-dcys/mo.)1 of Floot Area 

Masonry Wall Water Wall 

Cold Cknotes 
"0( 0.350) 09.15 068.12 
250(1.200) 078.13300(1.050) 065-117 51 It'! 

0 4).0 '2 

Ten"erate Climates 
35o (900) 053.090 038065 
400 (750) 024-036, 030-051 

'450 (600) 033.053 024.036 

Temperatures and cegree cays are isted tor DecKertO; and January, uSLajIy Ihe CLoes 
montri 
Within each ran1e choose a ratio accodihng to youi laihtuce For southern kltituces. te 35t&.use trhe Iowe giass-to-floor- aea ratios; for northern lahtudes. le. A80NL use the higher f, O$For a poorly insulated g'eo-nhouse or ouldiri. always use slghly re g1iss 

EXHIBIT 3--58. 
 Isolated Gain, Sunspace, (CEC-2)
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Exhibits 3-59a and 3-59b 
provide tables of shading coefficients for
 
various interior and exterior shade 
control devices used with various
 

t-res of glazing.
 

3.4.2 Thermal Storage Mass
 

When well-insulated houses incorporate more than approximately 5-10
 
percent of the heated floor area in south-facing window area, there is
 
potential for overheating the living space on sunny winter days. Such
 
overheating can be limited by venting excess heat on sunny winter days.
 
However, the energy that is wasted in this manner 
is unavailable later
 
during the evening hours when it could help meet the heating load.
 

To help limit overheating during sunny winter days, different forms of
 
thermal mass are often included in passive solar homes. Thermal mass
 
includes heavy masonry materials such as concrete, brick, rock, tile,
 
etc., and also water and various phase-change materials. All of these
 
materials are characterized by large thermal capacities, or, the ability
 
to store a large amount of energy per degree temperature rise either
 
when the sun shines directly or diffusely on the thermal mass surface,
 
or when the air in contact with the thermal mass surface becomes warmer
 
than that surface so that heat flows into the thermal mass. When the
 
room air in contact with the thermal mass drops below the thermal mass
 
temperature, then heat is released to help warm the room.
 

The amount of thermal mass required to reduce overheating depends on the
 
passive aperture and the location of the mass. Thermal mass located in
 
the path of direct sunlight is charged by direct radiation and is most
 
effective; remotely located thermal mass is charged by convection and is
 
least effective. As the effectiveness of thermal mass decreases, it is
 
necessary to increase surface area in contact with air.
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_T 	_ I-I
 
I I 	 I opaque 2
 

I
lGlazing Type I glass I drapery I flat shading device
 
' 
I only I nonwhite white I dark- med.to I lit l 

__ S.C. [tsee note 7) offwhlte I. i._j t I of fwhite I 

1iLlar reflectivity 0.21/0.15 I 0.42/0.30 I 0.10 I 0.30 I 0.70
 

I1) Single Pane 1 (.88)1 (.80) I (.55)1 (.81)1 (.64)1 (.30)81 
Clear Glass I1.00 [.76110.91 1.69] 1 0.62 [.47110.92 [.70110.73 [.55]10.34 [.26)91 

1 I I 
12) Double Pane I (.77)1 (.66) 1 (.48)1 (.69)1 (.56)1 (.29) 1 

Clear Glass 10.88 [.67110.75 [.57] 1 0.55 [.42 10.78 [.59]10.64 [.49]10.33 1.251 1 
1 1 I I I 

13) Triple Pane 1 (.73)1 (.56) 1 (.45)1 (.62)1 (.52)1 (.27) 
Clear Glass [0.83 [.63]I0.64 [.49] 10.51 [.39 10.70 [.53]10.59 [.4510.31 1.24] 1II 	 I II
 

14) 	Single Pane fleat (.59)1 (.54) 1 (.48)1 (.55)1 (.48)1 (.32) 1 
Absorbing Glass 10.67 [.5,]0.61 [.46] 1 0.54 [.41110.63 1 48)10.54 [.41110.36 [.271 1IIII 	 I I
 

5) 	Double Pane I (.48)1 (.48) 1 (.43)1 (.49)1 (.43)1 (.31) 1 
Outer Pane:Ileat 10.55 [.92 10.54 [.41] 1 0.49 [.37)10.56 (.58110.49 [.37]10.35 [.27] I 
Absorbing Glass, I 
Inner Pane: I ] 
Clear Glass I IIIII 	 I
 

16) Single Pane (.35)1 (.25) I (.24)1 (.26)1 (.24)1 (.19)
 

Reflective ClnssIO.40 [.30110.28 [.21) 10.27 [.21]10.29 (.22 10.27 [.21110.22 [.14]
 
(s.c. -	 I(.So) 	 I 


III
 
17) 	Single Pane 1 (.26)1 (.19) I (.18)1 (.19)! (.18)! (.16) 1
 

Reflective ClassIO.30 [.231]10.22 [.17] 1 0.21 (.16110.22 [.17110.21 [.16110.18 [.141 I
 
(S.C. - 0.30) I 	 I I 

1. 	 A drap2ry is a loose fabric handing just inside and capable of covering a window. A
 

drapery typically has folds, convolutions or loose pleats.
 
2. 	 Flat shading devices are devices that can have their side facing the window made
 

easentially flar such as mini-blinds, roller shades, venetian blinds and vertical
 

blinds. Fabric may also be made essentially flat by hanging without folds or by
 

stretching flat & tighL.
 
4
3. 	 All but white and offwhite colors. ALSO see note .
 

4. 	 Whites and offwhites include whites with very light pastel tints e.g. cream colored, 
eggshell white, etc. They also include mirror-like metallic coatings that reflect 

images. Hirror-like means the ability to reflect Images; however, the images may be 
distorted. For example, a polished metal surface as opposed to a burnished one. 

5. 	Dark colors, e.g., blacks, browns, dark greens, dark blues, dark greys, purples.
 
6. 	 Hedium to light colors: all but 4 & 5 above. For example, bright reds, yellows,
 

pinks, light greens, pastels, skyblue, metallic coatings that do not reflect images,
 
or diffusely reflecting metallic colars.
 

7. 	The values in parentheses ( ) represent shading coefficients adjusted for a metal
 

frame window without mullions.
 
8. 	 The values in brackets [ ] represent shading coefficients adjusted for a wood frame
 

window without mullions.
 
9. 	 If there In disagreement or uncertainty regarding the color, transparency, "flat(
 

nose," or other qualities of shading devices, the judgement resulting In the larger

shading coefficient shall be used for comnpliance.
 

EXHIBIT 3-59a. Shading Coefficients for Interior Shading Devices with
 

Various Types of Glazing With and Without the Effects of Metal and Wood
 

Framing (CEC-6).
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Window Framing/Mullion Factors
 

FI FFM I Flu' 
II! _FrameTym .. o muo w/tllioMulions*I " 
INo Frame or Wood Doors 1 1.00 0.92 

IHetal Frame Windows 1 0.88 0.81 

lWood Frame Windows 1 0.76 0.70 

Shading Coefficients for Exterior Shading Devices with Single
 
and 	Double Pane Clear Glazing
 

Shading Device I w/Single Pane I w/Dual Pane
 
Clear I Clear
 

DSS Class I DSS Glass
 

I1)Exterior Sunscreens
 
3
with weave 5 xl6/inch 1 0.34 1 0.33
 

2) 	Louvered Sunscreens
 
w/louvers as wile
 
as openings 1 0.31 1 0.30
 

3) 	Low Sun Angle Louvered
 
Sunscreens (e.g. LSA
 
Koolshade) 	 0.15 0.15
 

4) 	Ordinary Bug Screens 
 0. 67 	 0. 65
 

5) 	Flat Roll Down Canvas
 
Awning 1 0.15 0.15
 

6) 	 Outside Venetian Blinds I
 
6 Rolldown Slats 1 I
0.15 	 0.15
 

Exterior operable awnings (canvas, plastic, or metal), except those that roll
 
vertically down and cover 
the entire winidow, should be treated as overhangs for
 
purposes of compliance with the standaids. For east-and west-facing glazing,
 
operable (including movable or readily removable) awnings that shade all parts

of a window from the sun when it is directly in front of the window at altitudes
 
ranging from 30"-90" may be considered to provide shading comparable to adjacent
 
structures or physical terrain.
 

EXHIBIT 3-59b. Various Shading Coefficients (CEC-6)
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One method of determining if there is sufficient mass involves assessing
 

how much of the passive system can be "carried" by each type of mass in
 
a building. Exhibits 3-60a to 3-60g indicate the mass patterns common
 
to most passive buidings. Listed with each pattern is the mass surface
 

area need to "carry" a square meter of glass. Note that, in patterns
 
where the mass is located in direct sun, more glass can be carried by a
 

square foot of mass, and the mass 
is effective at greater thicknesses.
 

To estimate the amount of thermal mass required to temper overheating, 
first subtract 5-10 percent of the heated floor area from the total 
south-facing aperture area. (As mentioned above, this is the south
facing aperture area that can usually be installed on a well insulated
 

house without excessive overheating.) The remaining aperture area will
 
contribute to excessive overheating unless extra thermal in
mass some
 

form is provided. Next, determine the appropraite thermal mass pattern
 

from Exhibit 3-60a, 3-60b, 3-60c, 3-60d, 3-60e, 3-60f, or 3-60g. Listed
 
in the Mass Sizing Table are the appropriate surface area and thickness
 

of mass required to temper the overheating effect from one square meter
 

of south-facing aperture. Dividing the total remaining aperture area by
 
the listed mass surface area will yield the total mass surface area that
 
must be provided. Conversely, a given total mass surface area can be
 
divided by the listed mass surface area required per square meter of
 
south-facing aperture area than can be "carried" by the thermal mass.
 
The "carried" apei.r re area can then be subtracted from the remaining
 

aperture area and the process can be repeated over and over with mass
 
patterns until all the glass area has been accounted for. Unless
 

sufficient thermal mass is provided, excessive overheating will occur
 
(especially in the cooling season), and the passive home heating savings
 

will drop significantly.
 

The following guidelines should be used for the preliminary design of
 

thermal storage mediums. (STR), (CEC-2), (CEC-3), (MAZ)
 

o 
 Locate thermal mass where it will intercept direct (or
 
reflected) radiation for a major portion of the day (9 
a.m.
 
to 3 p.m.) during the heating season.
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Directly sunlit wall of masonry or 
 MASS SIZING TABLE
water; exposed 
to living spaces
back side only. 
 Note that sunlit
on
 

Irradiated mass
side is isolated from living spaces, 
Masonry Water Wall
surface area 
to thickness 
 thickness
 

passive aperture (inches) 
 (inches)
 
area ratio.
 

8" - 18" 6" - 12" 

EXHIBIT 3-60a. 
 Thermal Storage Pattern A
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(In English Units)
 

Directly sunlit wall of masonry 
 MASS SIZING TABLE
 
or water containers; fully exposed

on 
both front and back surfaces to 
 Masonry Irradiated mass surface
living spaces. Note free air cir-
 thickness area to 
passive aperture
culation around storage. 
 (inches) area ratio.
 

6 
 2
 
8 
 2
 

12 
 2
 

Watertubes or Drums: Use at least 7
 
gallons of water per square foot of
 
passive aperture.
 

EXHIBIT 3-60b. 
Thermal Storage Pattern B
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Sunlit mass 
surfaces in sunspaces MASS SIZING TABLE
 
are isolated from living spaces.

Some mass in living spaces may be 
 1. 	Count mass in sunspace as pattern
directly or indirectly exposed to 
 A type.

the sun through connecting aperture.
 

2. 	Count mass in living spaces as 
patte

D, E, or F as appropriate.
 

3. 	Passive aperture area is defined as
 
sunspace aperture area.
 

EXHIBIT 3-60c. 
Thermal Storage Pattern C
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Directly sunlit floor or wall; 
 MASS SIZING TABLE
 
exposed to living spaces on sunlit 
face, insulated on other face. Masonry Irradiated mass surface 

thickness area to passive aperture 
(inches) area ratio. 

1 14 

2 7 
3 5 
4 4 
6 
8 

3 
3 

EXHIBIT 3-60d. Thermal Stouige Pattern D 
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(In English Units)
 

Indirectly sunlit vail, floor 
 MASS SIZING TABLE
 

Masonry
o r e
ma isi.tng Indirectly irradiated

bickness mass
 

surface area to passive
(inches) 
 aperture area ratio.
 

1 
 29

2 
 14
 
3 
 10

4 
 8

6
8 6
6
 

EXHIBIT 3-60e. 
 Thermal Storage Pattern E
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Remotely located wall, floor or 
 MASS SIZING TABLE
 
ceiling mass; exposed only to
 
heated air from sunlit spaces. Masonry 
 Total mass surface area
No direct solar radiation. 
 thickness to 
passive aperture area
 

(inches) ratio.
 

1 31
 
2 20
 
3 17
 
4 
 16
 
5 16
 
6 16
 

EXHIBIT 3-60f. 
 Thermal Storage Pattern F
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Remotely located, contained mass, 
 MASS SIZING TABLE
 
operated in combination with fanforced air circulation to mo1erate 
 Rock volume to Air flow rate to
temperature swings in sunlit living 
 passive aperture passive aperture
spaces. 
 area ratio. 
 area ratio.
 

(cf/sf) 
 (cf'm/sf)
 

1 - 2 
 6 - 9
 

EXHIBIT 3-60g. 
Thermal Storage Pattern G
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o Locate thermal mass where it can conduct and radiate its 
stored energy to living spaces and be cooled by night

breezes in the summer.
 

o The thermal mass should be in thermal contact with the
ground; in addition, vapor barrier and perimeter insulation
 
are needed down to the frost line (if applicable).
 

o Masonry: 
 Use ratio of 2:1 between the area of an interior
 
8-inch (20.3 cm) thick solid masonry materials in

direct sunlight and the area of south-facing 
glazing. 

Use ratio of 4:1 between the area of an interior
 
4-inch (10.2 cm) thick solid masonry material in
 
direct sunlight and the area 
of south-facing
 
glazing.
 

Use ratio of 8:1 between the area of an interior
4-inch (10.2 cm) thick solid masonry in indirect
 
or diffuse sunlight and the area of south-facing

glazing.
 

" Water: 
 Use 6 to 9 gallons (244.4 to 366.7 1/m2 ) of water
 
in dark-colored containers 
 placed in direct

sunlight for each square foot (square meter) of 
south aperture.
 

PCM: Use 1 to 1-i/2 gallons (40.7 to 61.1 1/m 2 ) of 
phase change material (PCM) in containers placed

in direct sunlight for each square foot (square
meter) south aperture.
 

" Rock Bed: Use 1 cubic foot (0.152 M/m 2 ) of crushed rock,
rounded 1 inch to 2 inches (2.5 cm to 5.1 cm) in 
diameter, for each two square feet (one square
meter) of solar collector surface that supplies 
energy to the rock bed.
 

o Use corrugated face or 
rough textured concrete block

building new thermal storage walls. 

for
 
(These materials have
 

more surface area than smooth materials for more efficient
 
heat transfer).
 

" Fill existing hollow-core concrete 
bocks with poured

concrete 
or with polyvinyl chloride containers filled with
water to increase 
the thermal storage capacity of the

existing wall. not(Do fill cores with sand or gravel
because there is a large portion of dead air space between
 
granules.)
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Slzlng a Thermal Storage Wall for 
DtIfertnt Climatic Conditions 

Average Wln*.qOutdoot Tempra.fture ;-F) Square F*l of Wall(dogrlge-doys/moL) Needed orlach One Squall Fool of floe? Area 

Masonry Wal Waler Wall
 
Cold ClWrnales


15 (1.500) 072-10 0.5,.20" (13.50) 060.10 0.45.0.&525" (1200) 051093 u.A L.()30 (1050) 0430/8 0.31 0.bb
 

1emfxroe CWTtles 
35" (900) 035060.:) 0A3
406 (/50 ) 0 28 0 4 645 (600) 0 0 - 03 4022.-0 35 0.10'O.25 

Iremperolu;es arxI ciege-oays ie hiled ro( DICmo, Oo Januivy. usLully Ih cjLudvl 
2 Montnis

WI'hrlen each (ror. choose a tWho occco'(c to yo~LslIlllude Fo( OijNtin kliuju$ I
356NL. use tho towel wollo-ltoov.or ioos. flotrto entfleJwuw it, .18"tM.. Ulti thoLvhjrvI,tQOio For a pOctity iPruIOt ltjd.laQ aIways use a vaIuOh"tdl F. Ihrmoern wOll, Wilrn110'ZOf00 SDeCUIJO rl k300o equal to IrOhoQt of the wag in lo'Xlh tis1iol% u1 It' gi..Jratios Fo, [t)rmOl wOIs with ri ght Iuiaftion (r-8). use 85% o IocormeJed lbtis FOecI or iIwails with nOlt relleclos ari right 'nsuklhor. use 5),L of recommurnkjd I.itios 

EXHIBIT 3-61. 
 Thermal Storage Wal] (CEC-2)
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MatertWl Ilconwend*4 Thkckness (In.) 

A ao 8-12
 

Back (cornrmon) 10-14
 

Concrtol (conse) 12-18
 

WaOW 6 o( more
 

EXHIBIT 3-62. Recommended Mass Thickness (CEC-2)
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o 	 Remove interior insulation from existing south masonry

walls used for Trombe walls.
 

o 	 Remove carpeting or tapestries from portions of thermal
 
Y;ass (walls, floor slabs) which are struck by direct
 
sunliaht.
 

3.4.3 Shading Passive Apertures
 

It is necessary to provide nearly complete shading of the south, east,
 
and west faces of a passive building during the cooling season to
 
prevent increasing cooling requirements for the living space. It is
 
essential that these shading devices have a minimal shading effect on
 

the 	south face of the building during periods of needed solar gain.
 

The types of shading devices suitable for the south wall are
 
considerably different than those most suitable for east or west
 
oriented faces. Fixed shading devices cannot satisfy this shading
 
requirement without being supplemented by other non-fixed (moveable)
 

systems, trees, or vegetation.
 

As the seasonal heating calendar does not correspond to the solar
 
calendar, fixed shading devices cannot provide full 
shading during the
 
entire cooling season and at the same time provide no shading during the
 
heating season. For example, if a fixed overhang over the south windows
 
is designed to give no shading from October 21st to March 21st, it will
 

also provide no shading on September 21st when shading would be
 
desirable. Vice versa, if the shading requirement is satisfied for the
 
cooling season, undesirable shading will occur during the winter. A
 
fixed overhang designed for full summer shading will shade nearly half
 
of the south windows in December. A fixed overhang designed for 
not
 
shading during the heating season allows over half of the south windows
 

to be irradiated during the peak cooling month of July.
 

Moveable or adjustable shading provides more optimal shading. There are
 
a number 
of possible choices: moveable louvers, awnings, shutters,
 
exterior hanging shades, or an open-frame trellis with seasonal foliage.
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3.4.4 Sample Passive Designs
 

This section will present four preliminary designs commonly used:
 
distributed/direct gain, thermal storage wall, attached sunspace, and 
thermal storage roof.
 

3.4.4.1 Direct Gain, Distributed Mass System
 

In a direct gain system, experience has shown that, when used,
 
distributed thermal 
 mass performs more effectively than mass
 
concentrated in one particular location. 
It has been observed that mass
 

cool
 

that has been "spread around" or distributed stores energy more 
effectively and also provides better theimal comfort. In addition, 
distributed mass provides more surface area for contact with 

ventilation air in cooling applications.
 

The optimum construction configuration for this system type is a highly
 
insulated, lightweight exterior shell with 
heavy interior structures.
 
This configuration is reversea of conventional designs in which the 
building has heavy exterior walls and lightweight partition walls.
 

The following table gives 
a range of relative values for the design of
 
this system type. These values are intended to be used for schematic 

design purposes only.
 

Exhibit 3-63 illustrates a schematic 
diagram of a direct gain,
 

distributed mass passive design.
 

DIRECT GAIN/DISTRIBUrE MASS PASSIVE SYSTEM 

(CEC-3)
 

Area of South Glazing
 

Ratio of south glazing surface area to floor 
area being

served = 0 to 0.33
 

R632/4 .de 
 3-143
 



Area of Distributed Mass
 

Heating emphasis: Ratio of distributed mass area to south
 
glazing area: I to 8
 

Cooling emphasis: Ratio of distributed mass area to floor
 

area being served: 1.0 to 3.5
 

Thickness of Distributed Mass
 

Floors: 2 inches to 6 inches, generally 4 inches (5.1 to 15.2
 
cm, usually 10.2 cm)


Walls: 2 inches to 4 inches (5.1 to 10.2 cm)
 

9penings for Night Ventilation
 

2
Area of A + B = 0 to 30 {t2 , (0 to 2.79 m


Vertical Distance H Between Vents
 

H equals 8 feet to 16 feet (2.44 to 4.88 meters)
 

Flow Rate for Night Ventilation
 

Forced ventilation: 2000 cfm, (0.944 m /sec)
 
Natural ventilation: 1000 to 4000 cfm (0.472 to 1.888 m /sec)
 

3.4.4.2 Thermal Storage Wall System
 

Thermal storage wall systems come in many forms. Tube walls, unvented
 
Trombe, vented Trombe, and water wall are just a few of the examples of
 
an indirect passive systems or thermal wall system.
 

Numerous variations are available for this system. Thermosiphon loops
 
are more effective in colder climates than in milder 
ones. It has been
 
recommended that if the average January temperture is greater than 50°F
 
(100 C) and good insolation occurs, vents can be discarded without loss
 
of performance. The use of night insulation between 
the glazing and
 
wall enhances the wall's efficiency. This can be accomplished by the
 
use of a thermal shade between the glazing and wall, the use of a
 
Beadwall', or the use of an exterior shutter. 
 Water walls can be used
 
instead of masonry or concrete. The behavior of a water wall is
 
different due to internal convection currents which result in less
 
thermal lag times. The greater thermal capacity of water permits
 

thinner walls.
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AREA OF SOUTH GLAZINr -

OPENINGS FOR NIGHT 
VENTILATION, A & B 

VERTICAL DISTANCE 
BETWEEN VENTS, H 

THICKNESS OF 
DISTRIBUTED MASS 

AREA OF DISTRIBUTED MASS 

EXHIBIT 3-63. Direct Gain/Distributed Mass (CEC-3)
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Exhibit 3-64 illustrates a schematic diagram of a thermal storage wall 

passive system.
 

The following table lists relative 
ranges of design variables for this
 

system.
 

THERMAL STORAGE WALL SYSTEM 

(CEC-3)
 

Area of Thermal Wall
 

Ratio: 
 wall area to floor are served: .33 to .75
 

Storage Capacity of Wal.
 

28 to 50 BTU/F (572 to 1021 kJfmC/m 2 ) heat storage for each 
sq. ft. of collectin2 surface. This amounts to 1.0 to 1.78 ft3
 
(0.305 to 0.542 m3/m ) of concrete/ft2 collector, or 140 to 240

pounds (63.5 to 108.9 kg) of concrete.
 

Thickness of Masonry Wall
 

4 to 18 inches--generally 8 to 12 inches (10.2 to 45.7 cm,
generally 20.3 to 30.5 cm)
 

Width of Air Space Between Wall and Glazing
 

2 to 5 inches--generally 3 inches (5.1 to 12.7 cm)
 

Size of Thermosiphon Vents
 

(WHEN USED): Ratio of area of 
a set of upper & lower vents to
 
the area of wall = 0.01
 

Temperature Range of Outer Wall Surface
 

55°F (12.8 0 C) at night to 1550 F (68.30 C) during a sunny day
 

Temperature Range of InnerWall Surfaces
 

Wall Surface: 65"F to 90OF (18.3 to 32.20C)

Lag Time: Generally 6 to 8 hours
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WID111 OF AIR SPACE B2TIMEEN 
WALL IMN GLAZING 

AREA OF THERMAL, WALLSIEOTERfSpN 

VENTS (WHEN USED) 

THICKNESS OF THERVYAL WALL 

EXHIBIT 3-64. Thermal Storage Walls (CEC-3)
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3.4.4.3 Sunspace, Isolated Gain
 

The sunspace, greenhouse, or solarium is an intermediate environment
 
between the interior and the exterior of the building. Because it is a
 
thermally isolated space, large temperature swings can be accommodated.
 

Exhibit 3-65 provides a schematic diagram of a passive sunspace.
 

The following are preliminary design guidelines:
 

ISOLATED GAIN, SUNSPACE DESIGN
 

(CEC-3)
 

Area of Sunroom
 

Ratio of glazed area of sunspace to floor area of building
 
being served = 0.1 to 0.5
 

Area of South Glazing
 

Ratio of floor area 
of sunroom to area cf south glazing of
 
sunroom = 0.6 to 1.6
 

Amount of Thermal Storage
 

Ratio BTU/'OF of storage per square foot of sunroom floor area
 
15 to 40, generally, 
generally, 408.4 kJfC) 

20 BTU/ F (306.3 to 816.8 kJ/C/m2 , 

Area of Internal Vents 

Area of A + B = approximately 1/6 of floor area of sunroom 
upper vent 1/3 larger than lower vent 

Vertical Distance Between Vents, H 

At least 6 feet, 1.83 meters 

Area of Exterior Vents 

Area of C + D = approximately 1/16 of floor area of sunroom.
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AREA OF EXTERIOR VENTS C & D
 

AREA OF SOUTH GLAZING -
AREA OF INTERNAL 
VENTS, A & B 

VERTICAL DISTANCE 
BETWEEN VEIIT$ H ,; 

.. . . . . ... ........... 
. . . . . . ....... ........ ........... 

IOUNT OF THERMAL STORAGE 

EXHIBIT 3-65. Passive Isolated-Gain, Sunspace (CEC-3) 
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3.4.4.4 
 Roof Pond, Isolated Gain
 

In this system, roof and ceiling are replaced with elements which serve
 
as solar collector, energy dissipator, thermal storage, and 
solar
 
control, as well as providing structure and protection.
 

As was mentioned, roof ponds exemplify of passive systems which
 
emphasize, equally, solar heating and night sky cooling. Correctly 
designed, roof ponds are 
free from the rigorous orientation contraints
 
of most other passive designs.
 

Exhibit 3-66 provides a schematic diagram of a roof pond system.
 

The following values provide information for the preliminary design of
 
passive solar thermal storage roofs.
 

ROOF POND DESIGN
 

(CEC-3)
 

Area of Roof Pond 

Roof of roof pond area to floor are being served: 0.3 to 1.0 

Storage Capacity of Roof Pond 

Heat capacity per scruare foot of pond: 20 BTU/F to 65 BTU/ F 
(408.4 to 1327.4 kJ/fC/m2
 

Dead Load on Roof
 

20 to 65 pounds per square foot (97.6 to 317.4 kg/m 2)
 

Thickness of Pond
 

4 inches to 12 inches (10.2 to 30.5 ciii)
 

Thickness of Moveable Insulation
 

1.5 to 3 inches of expanded foam generally 2 inches, (3.8 to 
7.6 cm) 
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Insulation Module Width
 

8 to 12 feet (2.43 feet to 3.66 meters)
 

Tewperature of Pond
 

Heating: 700 to 90"F (21.10 to 32.2 0 C) to keep interior 
temperature at 670 to 720 F (19.4) to 22.2 0 C).

Cooling: 640 to 740F (17.80 to 23.3 0C) to keep interior
 
temperature at 680 to 74"F (200 to 23.3 0 C). 

Average Daily Interior Temperature Swing
 

Summer and Winter: 50 to 8°F (2.8 to 4.40 C)
 
Spring and Fall: 30 to 60F (1.7 to 3.30C)
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AREA OF ROOF PO-n 

• ULA.TION MODULE WIDTH 

THICKNESS OF POND T K S
 
HIOVEABLE INSULATIO I 

EXHIBIT 3-66. Thermal Storage Roof (CEC-3)
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4.1 

4. ACTIVE HEATIM SYSTEMS
 

Introduction
 

"Active" solar heating systems are distinguished from "Passive" systems,
 
comprising mainly static components, by the use of equipment especially
 
dedicated to 
the collection, storage, and distribution of solar energy
 
in a controlled manner. This technology employs dynamic 
means to
 
augm itenergy conservation and management methods inherent in competent
 
architectural practice, 
which optimizes utilization of solar energy
 
resoirces by selective arrangement and orientation of structural
 
features. As with any rational 
design resolution, the energy-saving
 
con'zi;:bution of passive 
solar methods must be integrated with active
 
system components to maximize the overall efficiency of the functional
 
composite system.
 

The essential elements of an active solar heating system are:
 

1. Solar Collector
 

2. Storage Facilities
 

3. Distribution System-Piping, Ductwork, Fluid Movers
 

4. Control System - Sensors, Switching Elements, Fluid Flow
 
Modulators
 

Two general types of solar heating 
 systems are well-developed
 
conceptually and have been demonstrated extensively in performance
 
evaluations. 
 The two systems are functionally similar, differing
 
basically 
in the types of energy collection and transport 
media
 
employed. In one 
instance, the operating fluid is water, o, a
 
freeze-resistant aqueous solution (such as a glycol-water mixture). 
 The
 
second type uses a gas-phase transport medium, most conmonly air. 
 Aside
 
from necessary differences in the collector and load interfaces due 
to
 
fluid properites, the two types have similar configurations.
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4.2 
 Liquid Space Heating Systems
 

Exhibit 4-1 illustrates a rather sophisticated active liquid heating
 
systems which includes domestic hot water capability. Each of the
 
components has been discussed in Section 2. 
The following discussion
 
will address the operation of the system of connected components.
 

Solar energy contacts the collector as radiant heat. Water, circulated
 
through the collectors by Pump No. I., forces the heated water through
 
the heat exchanger. This is referred to as the primary loop.
 

In the heat exchanger the thermal energy is transferred to the secondary
 
loop of water which is pumped through the solar storage tank by Pump No.
 
2.
 

As long as the Sl (sensor or thermostat) senses hot water at or above
 
the set point of sensor Sl, Pump No. 1 operates. At night or during
 
cloudy days, the collector will not heat water; as a result, sensor S2
 
senses cold water and acts to shut down Pump No. 1 and Pump No. 2.
 

There is a sensor, S3, in the building which is set so as to maintain a
 
given constant temperature within the building. When thet sensor
 
detects that some heat must be introduced into the building, Pump No. 3
 
is activated and warm water is pumped out 
of the solar storage tank
 
through Valve #1 which is open; Valve #2 is closed 
so the water must
 
flow through the load heat exchanger inside the building. When sensor
 
S3 is satisfied, Pump No. 3 is turned off. 
 If sensor S3 calls for heat
 
and the temperature of the solar storage tank water, as 
seen by sensor
 
S2, is 
too low to deliver any heat to the load heat exchanger, Valve #1
 
is closed; Valve #2 is opened, and Pump No. 3 forces water through the
 
auxiliary boiler which is heated by electricity, oil, coal or gas. 
 The
 
source of heat for the auxiliary boiler is not shown, and is normally
 
selected to be the most favorable economic option.
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VALVE NO. I 

VALVE 

NO. 

SOLA AUXILIARY 
TANK BOILER0U ;:TANKQ 

LU F- S3 

, 0) S2 LOAD HEAT
EXCHANGER 

PUMP NO. I PUMP NO.2 PUMP NO. 3 

OU8LE-WALL 
PUMPHEAT EXCHANGER HOT 

COLD WATER 
-SUPPLY WATER 

DELIVERY 
PRE-HEAT HOT 

TANK WATER 

OS4 HEATER 

EXHIBIT 4-1. 
 Sensor Locations 
in a Typical Liquid-Heating System
 
(SOL-1)
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Heat demand for the building is furnished from the auxiliary boiler 
until such time as sensor S2, "indicates" the solar storage tank water
 
is at a useful temperature.
 

The desired dcmestic hot water temperature is generally higher than that
 
which can be supplied by an optimum design solar space/water heating 
system. Solar-derived energy 
is employed to "pre-heat" (raise the
 
temperature of) the incoming supply water to the limit that it 
can. The
 
additional heat required to raise the water to the desired tempeature is
 
furnished by an auxiliary heater.
 

In the system shown in Exhibit 4-1, 
the cold water supply flows through
 
a pre-heat tank which is, in effect, a storage tank. 
Whenever sensor S4
 
detects that the temperature of the "holding" storage tank decreases, it
 
turns on Pump #5 and forces 
some of the water through the double-wall
 
heat exchanger. This heat exchanger transfers heat from the solar 
storage tank water that is forced through it by Pump No. 4. Should 
sensor S4 call for heat and sensor S2 indicate that none is available 
from solar storage, Pump #4 and Pump #5 are shut down. 

Th auxiliary hot water heater has 
its own sensor set at the desired
 
temperature for delivery to the hot water end-use. 
The auxiliary heater
 
raises the temperature of inlet water from any received value to the 
desired delivery temperature.
 

The hot water must be potable. A double-wall heat exchanger should be
 
used in order to insure that solar storage tank water does not leak into
 
the hot water.
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4.3 
 Air Heating Systems
 

4.3.1 Overview
 

Solar air-heating systems have four basic modes of operation:
 

1. Space heating directly from the solar collector.
 

2. Heat storage.
 

3. Space heating from storage.
 

4. Space heating using an auxiliary heating source.
 

Heat transfer between an absorber and air is 
less efficient than that
 
between an absorber and a liquid. Therefore, certain steps are taken to
 
increase the effectiveness of heat transfer. These 
are increased
 
surface area (for heat transfer), relatively high air flow 
rate and
 
increased turbulence.
 

The principal difference between liquid and air collector designs is the
 
size and confic.,ration of fluid conduits. The air passages are wide, 
permitting air flow to contact nearly the entire absorber surface, 
 The
 
channels are small in height so that air velocity will be sufficiencly 
high. Too high an air velocity can generate noise in 
the ducts and
 
heated space.
 

Because air is not a corrosive fluid, cheaper metals such as aluminium 
or carbon can used thesteel be in absorber plate or frame without 
danger of corrosion from the heat transfer fluid.
 

4.3.2 
 Air Heating Operation Description
 

The comF3nents for an air-based system similar
are to that in the
 
liquid-based systems. Exceptions are that blowers or fans 
ceplace pumps
 
and dampers replace valves. In this example a pebble-bed is used for 
thermal storage is illustrated in Exhibit 4-2. 

R632/9.de 
 4-5
 



FROM COLD
WATER 
MAIN 

.. TO BUILDING 

HOT-WATER 
FROM'>ATTIC \SUMMER PRE-TEM SYSTEM 

\ (SUMMER) RCRUAINkHA 

TANKT 

OUTDOORS(SUMMER) :- -

N_ UXILIARYAIRHANDLE 

"THERMAL J ,FURNACE 
STORAGE 

$S3
~ROOMS 
S2 
 FURFROM
.LI 
1 ["' AIR HANDLER 

ROOMS
 

EXHIBIT 4-2. 
 Sensor Location in a Typical Air-Heating System (SOL-l)
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As in the liquid-based example, sensors are located near 
the top of the
 
solar collector 
(Sl) at the bottom of storage or in the air duct
 
su--plying the collector (S2), 
and in the living space (S3). Sensor S1
 
is located in the air stream near 
the top of the collector or attached
 
to the back side of the absorber plate.
 

Collection in an air-based system is initiated whenever the temperature
 
difference between the readings of sensors 
S1 and S2 is greater than a
 
preset amount. When this occurs, the blower in the air is
handler 

activated and heat is delivered from the collectors. A major difference
 
between air-based systems and liquid-based systems is that the air
 
system can be controlled to deliver heat directly to the 
rooms as well
 

as to storage.
 

4.3.2.1 Delivering Collected Solar Energy to Storage
 

When the blower is activated, the dampers in the air are
handler 

simultaneously positioned 
so that air is circulated through the blower
 
and into the top of the storage bin. Since the pressure at the back air
 
damper (at the bottom of the storage bin) is greater than atmospheric, 
the dampE: closes and air is directed to the collectors. The bed is 
designed so that the pebbles at the bottom of the bed closeremain to 
room temperature throughout the operational day. 
As the day progresses,
 
a temperature stratification develops in the pebble bed.
 

A series of cycles occurs during the early morning hours and during the
 
late afternoon. 
These cycles are the same as those described in Section
 
4.2. The blower is activated when the temperature difference between
 
sensor Sl and sensor S2 is a preset amount (typically 150 F, 8.30 C). 
 As
 
soon as the blower is activated, cooler air is blown into the collector
 
which cools the collector. The temperature difference between Sl and S2
 
decreases until another setpoint is The is then
reached. blower 

deactivated. The cycle begins once more when the stagnant air 
in the
 
collector warms and the upper 
 setpoint temperature difference is
 
reached; the blower is activated again at that time.
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4.3.2.2 Delivering Collected Solar Energy to Rooms
 

WMen sensor (or thermostat) S3 senses that room heating is required, 
dampers in the air hai1
dler are positioned so that air is directed to the
 
rooms. The pressure in the duct leading to the 
collectors is now
 
subatmospheric so that the air flows through the backdraft damper. Ifthe temperature of the air stream is insufficient to satisfy the demand, 
the second stage of the thermostat is contacted. The auxiliary furnace
 
is now enabled.
 

4.3.2.3 Heating From Storage
 

Sensor S3 controls room heating 
from storage. Usually a two-stage
 
sensor is utilized. The first stage enables stored solar heat to be 
used to fulfill the heating demand. When the stored solar energy is 
inadequate to meet the need, the second stage of the sensor activates 
the auxiliary energy source. 
 Room air is always circulated through the
 
storage bed; thus, 
all stored energy, regardless of temperature, is
 
utilized for space heating.
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5. ACTIVE SPACE COOLING
 

5.1 Introduction
 

Space cooling or space conditioning results when heat is 
removed from
 
air a room which results in a lowered temperature. In certain types of
 
systems, -he lowering of temperature can be accompanied by a reduction
 
in humidity. The resulting effect on a human being can be 
an increased
 
sense of comfort. Space cooling systems 
are classified as either
 
refrigeration, desiccant evaporative cooling. Solar energy may be
or 


used either directly or indirectly as the primary energy source.
 

5.2 Refrigeration Systems
 

5.2.1 Cycle Description
 

In a refrigeration cycle cooling is achieved by removing heat from air
 
or water as it comes in contact with a cold surface. Exhibit 5-1
 
provides a of a
schematic solar-powered vapor-compression air
 
r-onditioner. 
 The cooled surface is maintained at a lower temperature by
 
evaporating a liquid at a lower temperature from the 
opposite side.
 
This effect occurs in the evaporator shown in Exhibit 5-1. Heat
 
absorbed by the evaporating refrigerant is supplied by the air or water
 
being cooled. 
The most common way of providing the energy necessary to
 

supply the refrigerant is by a electrically powered compressor which
 
raises the pressure of the refrigerant vapor so that it can be condensed
 

at a lower temperature and pressure.
 

Another process for supplying refrigerant to cool air or water involves
 

the heating of a mixture of refrigerant and absorber liquid. The
 
refrigerant is condensed and evaporated as in a vapor-compression cycle,
 
then reabsorbed and returned to 
the generator where it is reheated.
 

At the present time, of the two principal types of commercially 

available refrigeration units, only the absorption type is driven by 

solar energy. 
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EXHIBIT 5-1. Schematic Drawing of 
a Single Fluid, Solar Powered Vapor
 

Compression Air Conditioner. (KRE-l)
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5.2.2 Absorption Refrigeration
 

TI-l two bjasic abcorption systems 
are the lithium bromide-water and the
 
ammonia-water systems. Solar-heated hot water from solar collectors can
 
be used to supply the necessary energy for the process. Presently, the
 
lithium bromide-water system exhibits 
the most promise for solar
 

applications because it will operate at 
lower temperatures than the
 
ammonia-water systems. 
 Exhibit 5-2 provides a schematic diagram of a
 
solar-powered absorption refrigeration system.
 

5.2.2.1 LiBr-H120 System Operation
 

Water acts as the refrigerant and lithium bromide as the absorber. The
 
cycle begins when the lithium bromide-water solution at 280 C (820 F) in
 

the generator.
 

(see Exhibit 5-2, position A), is heated by utilizing 710C (1600 F) to
 
990C (2100 F) hot water from the solar collector. At the low pressure in
 
the generator, a portion of the 
water in the lithium bromide-water
 

solution is converted to vapor. This 
water vapor is directed into the
 
condenser, (pos.ition B), 
where it is cooled about 400C (1040F) by a heat
 
exchanger located inside the condenser. Upon being cooled, the water
 
vapor condenses. This liquid passes 
through an expansion valve where
 
part of the water is vaporized and then the vapor-liquid mixture passes
 
through the evaporator coils, (position C), 
at 40C (390F). When warm
 
air from the building passes between the evaporator coils, both heat and
 
moisture are removed from the room air. 
 This results in lowering both
 
the temperature and humidity of the air in the building.
 

The warmed refrigerant 
flowing through the evaporator coils is then
 
transported back 
to the absorber (position D), where the refrigerant
 
(water) mixed with the concentrated lithium bromide 
solution from the
 

generator at a temperature of 380C (100'F). 
 While the refrigerant from
 
the evaporator 
is being mixed in the absorber, heat is released and
 
removed by cooling tower water. 
The cooled absorber liquid is then
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EXHIBIT 5-2. Schematic 
 Diagram of a Solar Powered Absorption
 

Refrigeration System (KRE-l)
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pumped back to the generator to repeat the absorption cycle. Heat is 
transferred from the liquid solution flowing from the generator into the
 
aE'orber to the cooler dilute soltuion flowing from the absorber into 
the generator. This preheating increases the efficiency of the
 

absorption system.
 

5.2.2.2 LiBr-H 20 Temperature Restrictions
 

The temperature of the hot water supplied by the solar collectors to the 

generator is usually between 710 C (160 0 F) to 99 0 C (210 0 F). The heat 
input to the generator must be sufficient to boil the refrigerant (in 
this case water), from the solution. If the water temperatuLe is below 
71°C (160 0 F), the heat transfer rate may be too low for effective 
operation. Low temperatures in the recuperator can result in crystalli
zation of lithium bromide in the outlet tube leading from the recupera

tor to the absorber.
 

Cooling water temperature is dependent upon atmospheric temperature and
 
humidity. Design cooling water temperature is normally 270C (810 F), but
 

variation is common.
 

5.2.2.3 Types of LiBr-H2 0 Absorption Systems
 

There are two types of lithium bromide-water absorption systems. The
 
first type is a direct expansion tube. In this system air is
 
circulated from the building to the evaporator coil where cooling and
 
dehumidification take place. In the second type, water is cooled by 
circulation through the coil. Chilled water is then pumped through a
 

separate fan-coil unit through which room air is circulated.
 

5.2.2.4 Design Rating
 

Refrigeration performance is indicated 
 by two terms, "tons of
 

refrigeration" and "coefficient of performance (COP)". "Tons of
 
refrigeration" refers to 
the cooling capacity of the machine. One ton
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of refrigeration is equiavalent 
to a heat removal rate of 12,000 BTU/hr
 
or 3514.5 W. The COP indicates the efficiency of the refrigeration
 

system.
 

COP = Thermal energy removed 

Energy supplied ftom external sources 

The COP is determined by dividing the design uelivered capacity by the
 
design input hot water Lectuirempnts.
 

At the present time, most lithiv:m bromide-water absorption machines
 
operate with COPs ranging from 0.60 to 0.80. 
 A COP less than one meais 
that more energy is supplied to the refiigeration machi.ne than is 
removed by the machine. 

Commercial units are available in capacities raaging from 250 
to 4200
 
thermal 
kW, dLiven Fy hot water at temperatures below 125 0 C (257"F).
 
For commercial building applications, absorption equipment provides
 
chilled water temperatures from 50C (410 F) to 12°C (54"F'.
 

5.2.2.5 Integration with Existing Solar Equipment
 

A number of components in a solar absorption air conditioning system may
 
be shared with the solar space heatirg and/or solar domestic hot water
 
system. Integration 
of these systems is generally done for economic
 
:easons. In many installations, shared components include:
 

1) Solar collectors.
 

2 Backup boiler (auxiliary energy source)
 

3) Fan-coil unit
 

4) Storage tank
 

5) System control device
 

6) Piping and duct lines
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In addition to the 
absorption unit 
and the previously mentioned
 
components, a cooling tower 
is necessary for 
the absorption unit 
to
 
o rate properly.
 

The cooling water is sized to match the heat rejection requ-irements of
the air conditioning unit. 
 Thus, tho higher the cooling capacity, the

larger the cooling tower will have to be. 
 For example, Yazaki cooling
 
towers range from 0.67 m (2.2 ft) in diametcr and 1.6 m (5.25 ft) tall
 
for the 1.3-ton Yazaki residential unit to 
5.7 m (18.7 ft) long, 2.0 m

(6.57 ft) wide, and 2.7 m (8.86 ft) tall for their commercial size 
units.
 

5.2.2.6 
 Solar Absorption Systems Maintenance
 

Water mixed with antifreeze is generally used in the chilled water 
section of a solar absorption unit and needs to be periodically checked.
 
The antifreeze solution 
prevents 
water in the evaporator coils from
 
freezing. Another 
problem involves condensing water 
and the cooling
 
tower. 
 In most installations, 
the water running through 
the piping

between the absorption unit and 
the cooling tower 
is tap water. When
 
water evaporates in 
the cooling tower 
it leaves behind scale 
and solid
 
particles. 
As water evaporates in the 
cooling tower, the concentration
 
of particles present in the condenser increases, leading to scaling and 
corrosion in 
the condenser. 
 This can be alleviated by allowing 
some of
 
the water to bleed off. As this bleed-off water is dra'ned from the
 
cooling tower, 
 fresh makeup water is introduced, compensating for water 
loss due to blow-down and evaporation.
 

Usually manufacturers 
 supply suggested bleed-off 
 rates. 
 An
 
approximation 
is provided by the 
following relations: 
 (In English
 

Units)
 

B = [r- 1,Is 1,;1 )]E 

B = bleed-off rate in gpm
 

1 = makeup water hardness (ppm)
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Si =1 sump water hardness (ppm)
 

E = rate of evaporation (gpm)
 

and
 

E = CR *RF *24/HE 

=
CR capacity of refrigeration (tons)
 

Rr = refrigeration machine heat rejection factor
 
HE = heat of vaporaization for condenser water (1050


BTU/lb)
 

5.2.3 Solar-Assisted Heat Pump 

A heat pump 
is basically a reversible refrigeration machine. In theheating mode, heat 
 is produced 
as the compressor compresses 
 the
refrigerant. 
 The heated refrigerant vapor 
is then transferred through
the vapor line into the 
room to 
be heated. 
 As the warm refrigerant
vapor liberates heat to 
the 
room interior, the refrigerant condenses to
form a cooler liquid. The liquid refrigerant then passes through anexpansion valve 
to the exterior of 
the building where the 
cool liquid
vaporizes. 
 In this cold gaseous state, the refrigerant absorbs heat energy from the outside air and is transported back to the compressorwhere the 
cycle is repeated. In 
the cooling mode, is
the cycle
reversed. 
 Heat is absorbed inside the building by the refrigerant and
 
is rejected outdoors.
 

The heat pump, because of its ability to 
transfer energy efficiently

from one point to another, has a high coefficient of performance (often
as high as 
4). However, as 
the outside air temperature drops, the heat 
pump's COP also drops.
 

The heating capacity of the heat pump can decrease to a point where itcannot supply the needed heat load. By using a solar coilector
supply heat to the 

to 
heat pump during cold outdoor temperatures, the

efficiency of the heat pump is 
greatly increased. 
 If a storage tank
also incorporated is 
into the solar-assisted heat pump system, the heat pump will be able 
to function efficiently 
at night using 
stored
 

solar-heated water.
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5.2.4 Solar Rankine-cycle Engine
 

Ir -ir conditioning applications, the solar Rankine engine replaces the
 
electric motor used in operating the compressor in a vapor-compression
 
refrigeration machine. 
 Exhibit 5-3 provides a schematic drawing of 
a
 
solar-Rankine vapor-compression system. 
In the cycle, a fluid, (usually
 
a fluorocarbon), is heated 
in the boiler by solar-heated water. The
 
liquid is vaporized and passed through a turbine. 
 Work extracted from
 
the turbine powers the air conditioning compressor. 
The gas leaving the
 
turbine is cooled in a regenerator and is further 
cooled by cooling
 
tower water circulating through tht condenser. 
 As the gas cools, it
 
liquifies in the condenser, flows intc. a receiver, and is then pumped to
 
the regenerator and back into the boiler.
 

In the air conditioning section, Lhe cycle begins by the solar Rankine
 
powered compressor compressing low pressure refrigerant gas for the
 
vapor compression cycle.
 

This Rankine cycle engine is still in the testing and research stage and
 
is not available for purchase &q cf this writing.
 

Exhibit 5-4 
summarizes the advantges and disadvantages of the feasible
 
active cooling technologies discussed.
 

5.2.5 Desiccant Cooling (Dehumidification) Systems
 

Cooling is accomplished in the desiccant cooling system by using solid
 
or liquid sorbents to remove most of water vapor
the from the air.
 

can be
Solar heat then used to regenerate the sorbent materials by
 
driving off the collected moisture.
 

Solid materials such as silica gel 
or molecular sieves have the ability
 
to adsorb water vapor because of their structure and makeup. These
 
materials consist of billions of tiny pores.
 

Liquid sorbents function by presenting a lower vapor pressure than water
 
at a given temperature, thereby reducing the equilibrium dew point.
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5.2.5.1 Solid Desiccant Systems
 

Th: ce systems are still in the research and development phase and are
 
not widely available comnmercially, if at all. Prototype systems
 
currently perform at coefficients of performance (COP) of 0.5 to 0.6.
 

Exhibit 5-5 provides schematic diagram of a solid-phase solar-powered
 
adsorption systems. Outside air is dehumidifed by passing it through a
 
matrix of desiccant material (such as silica gel). The air is
 
simultaneously heated (by release of the heat of adsorption) and cooled
 
(by a rotary heat exchanger). Afterward the air is passed through an
 
evaporative cooler where the warm dry air 
is cooled by evaporation of
 
water.
 

In the reverse cycle, air is returned to the system from the building
 
and passed through the evaporative cooler to provide a "cold sink"
 
temper-t1ure. After the cool air picks up heat in the exchanger, it is
 
heated by fluid from a solar collector to a temperature high enough to
 
"regenerate" (i.e. 
remove water from) the desiccant bed. The air is
 
then exhausted outside the building. An open cycle solid desiccant
 
cooling system is shown in Exhibit 5-6.
 

This system can also operate in a recirculation mode. Air from the
 
building is circulated through 
the cooling section and outside air is
 
used for the regeneration section. This method of operation is 
preferable when the humidity oF the outside air is high and the 
ventilation mode cannot operate properly. 

5.2.5.2 Liquid Desiccant Systems
 

Both organic and inorganic solutions have hygroscopic properties that
 
permit some of them to be used in solar-energized cooling.
 

Exhibit 5-7 provides a diagram of a liquid desiccant system. In this 
type of system, the air to be conditioned is blown through a spray 
chamber and coil over which concentrated solution is applied. The coil 
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is cooled by a cooling tower to 
keep the air and solution at a low
 
enough temperature for dehumidification to occur. The weakened solution
 
dr ps into one section of the sump from which it is pumped through a 
heat exchanger to a second spray chamber through which scavenging air is 
passed to reconcentrate the solution.
 

The reconcentrated solution passes back 
through the heat exchanger to a
 
separate section of the sump from which it is pumped back into the first
 
chamber for dehumidifying more of the conditioned ai. 
stream.
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6.1 

6. SOLAR DOMESTIC HOT WATER SYSTEMS
 

Introduction
 

Solar heated domestic water (DHW) is one of 
the oldest, simplest, and
 

cheapest applications of solar energy (as compared to solai space
 

heating or cooling). Solar water heaters in the United States date back
 

to the 1920's when they were abundant in California and Southern
 

Florida.
 

Most of the commercially available solar domestic hot water systems have
 

been classified as either active or passive. Active systems involve
 

collecting heat in a fluid which is mechanically forced through a
 
collector. This heat, in the form of hot 
water, is transferred to
 

storage in a separate tank.
 

Passive domestic hot water 
systems are those systems that utilize no
 

mechanical or electrical energy collect an1 store solar energy for
to 


heating water. 
Although several types of passive DHW systems completely
 

fill this definition, many -are only truly passive 
in the collection
 

mode, not the storage mode. The passive category can be divided further
 

into integral collector storage (ICS), and phase-change systems.
 

Active systems are further classifed as either direct heating or
 

indirect heating. In direct heating systems, potable water is heated
 

directly in the collector; whereas, in indirect systems, a heat transfer
 

fluid is used in the collector and transfers its neat to a storage tank
 

of potable water.
 

Exhibit 6-1 illustrates basic passive and active DHW systems. Included
 

in this illustration are: Thermosiphon, direct active heating, and
 

indirect active heating systems.
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6.2 Passive D'W Systems
 

6.1.1 Integral Collector Storage
 

When these systems were first introduced to the market in 
the early
 
1970's they were 
referred to as "batch heaters". The early models were
 
no more than recycled hot water tanks, painted black, 
built into an
 
insulated wood box, and glazed with 
a single sheet of plastic. An
 
insulated door on the south side of the box was 
used to minimize night
 
heat losses. The units were 
placed in the sun and plumbed in series 
between the cold water supply and the domestic hot water tank. The 
whole tank heated in the sun, hence the name "batch". As water was 
drawn off the conventional domestic hot water tank, it was 
replaced by
 
water from the batch heater, which in turn was refilled by the pressure
 
from the cold water supply. Exhibits 6-2 and 6-3 provide diagrams of
 
two "batch" heaters commercially available.
 

Batch heaters 
were not protected against freezing, except by the
 
insulation around 
the box and the single layer of glazing. They were
 
provided with a drain port to empty the tank during freezing periods and
 
a bypass valve 
to route cold water directly to the domestic hot water
 
tank. 
 The tanks were also equipped with a temperature/pressure relief
 
valve that directed steam in a safe direction outside the box in 
case
 
water was not drawn over a period of several days (e.g., when homeowners
 
were gone) and the water in the tank reached a certain temperature (this
 

is illustrated in Exhibit 6-4).
 

In time designs progressed; more insulation was added, reflective cusps
 
were added under the tank 
to reflect more sunlight onto the tank, and a
 
selective surface 
was painted on the tank to increase absorption.
 
Double and triple glazed units 
were built, and some had an insulated
 
front cover that could 
be closed at night to reduce heat loss. The
 
cover often had a reflective inner face so that when it was open in
 
front of the unit, it reflected even more light onto the tank.
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"Batch" Water 
Heater. 
 Solway Energy Corporation, Vancouver, 
British
 

Columbia, Canada.
 

EXHIBIT 6-2
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By the late 1970's, "batch" units were being manufactured and sold on a 
larger scale. Their 
name was changed to integral collector storage
 
('CS) to overcome the do-it-yourself term "batch heater". The units
 
became better insulated and constructed. Presently the most common type
 
is comprised of a set of four 
to eight black plastic tubes, each about
 

15 cm in diameter, placed side to side encased in 
a box covered by 

glazing. This system is usually mounted in a tilted position. If 
polybutylene pipe is used, such systems have been able to 
withstand
 

multiple freezes. Many manufacturers have attempted to give the units a
 
lower profile so that they can be mounted on roofs, but concentrated 

roof loads can still be a problem.
 

The "batch" heaters and ICS units are DHW "preheaters", as they preheat
 

the water for the conventional heater and rarely provide high enough
 

temperatures to meet heating and end use 
requirements. However, if the
 
water usage within a given structure is concentrated into the early
 

e'ening hours when the water 
is its hottest, the greatest efficiency of
 

the units can be relized. If all the hot water from the tank is used in
 

the early evening, the high nighttime heat losses associated with these
 

units can be eliminated.
 

6.2.2 Thermosiphoning Systems
 

6.2,.2.1 System Description
 

Thermosiphoning systems use natural convection to circulate 
the heat
 

transfer fluid to a heat exchanger or storage tank. Exhibit 
6-5 

illustrates a schematic diagram of a thermosiphon DHW system. As the 

fluid in the collectors is warmed by radiant energy from the sun, its 
density decreases and it rises above the cold fluid to the top of the 

collectors from position A to B in Exhibit 6-5. A heat exchanger or 
storage tank is located above the collectors (position C in Exhibit 

6-5). In one case, the warmed fluid gives up its heat to the fluid in 
the heat exchanger and retur-is through separate piping to the bottom of 
the collectors to begin the process again. In another more common 
instance, the warm water in the collectors rises and is directed in 
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piping to the top of the storage tank. A pipe from the bottom of the
 
storage tank directs cold water down to 
the bottom of the collectors. A
 
chi>k valve in the return pipe to the bottom of the collector prevents
 
reverse thermosiphoning at night, at which time the warm water from the
 
tank would flow in the opposite direction, stealing heat from the tank.
 
Placing the 
tank no less than 18 inches (46 cm) above the top of the
 
collectors will often eliminate reverse thermosiphoning at night,
 

without need for a check valve.
 

Thermosiphoning systems are open systems in which potable water from the
 
storage tank is pumped 
directly through the collectors and then
 
returned. Advantages of this type of system configuration are
 
simplicity and lower operating costs. There are fewer moving parts
 
than in a closed system and better thermal efficiency is achieved
 
because there is no exchanger between the 
collector and storage tank. 
The main disadvantage of an open system is the general inability to 

operate in freezing weather. 

An additional advantage of the thermosiphon system is the stratification
 
of storage which results 
in better service and collector efficiency.
 
The main disadvantage of the system is that the storage must be located
 
above the collector subsystem. This means that the tank will niave to be
 
located on the roof or in the attic. 
 A typical 250-liter tank weighs
 
about 310 kg, posing possible structural complications. Another
 
disadvantage is poor access to the water heater. 
 The user would have to
 
go onto the roof or into the attic to close the shutoff valves and open
 
the draincocks whenever the temperature dropped below freezing. 
 For
 
this reason, thermosiphon systems are rarely used in freezing climates.
 

Exhibit 6-6 illustrates various commercially available therosiphon de
sign water heaters.
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6.2.2.2 Implementation Issues
 

T1,-thermosiphon is the most common 
solar DHW system in nonfreezing
 
climates. The collector is single glazed and ranges in 
area from 2.8 to
 
7.4 M ; a typical insulated tank ranges from 150 to 300 liters. in
 
sunny climates, the hot water requirements of a four-person family can
 
usually be met with a system in this size range.
 

A system of this type can be designed to operate at supply line pressure
 
or as an unpressurized system. For unpressurized systems, a float valve
 
can be installed in the storage tank or a float-controlled elevated heat
 
tank can be utilized. Unpressurized systems utilize gravity flow from
 
the hot water 
tank to hot water faucets unless an automatically actuated
 
pump is installed to pressurize the hot water line.
 

This system only operates when solar energy is received. Thus, the
 
system is self-controlling. The higher the isolation level, the greater
 
the heating and the more rapid the circulation rate will be. In 
a
 
typical system, a temperature rise of 80C to 110 C commonly occurs in one
 

pass.
 

The storage tank is usually piped in series between the cold water
 
supply and the conventional domestic hot water tank located elsewhere in
 
the building. This type of system is an open-loop system, and can only
 
be used where freezing is not a problem, since the water in the
 
collectors, tank, and plumbing is subject to 
freezing. The back of the
 
collector, the storage tank itself, and the pipes should all be
 
insulated to reduce heat losses, which can be very high as the the tank
 
is located in an unheated area. If used in an area with severe winter 
conditions, the system should be designed thatso it can be fully 
drained before the first freeze. 
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If water is not drawn from the storage tank and the temperature and 
pressure in the system rise to a high level, a combination 
temperature/pressure relief valve is placed at the highest point in the 
system. An automatic air vent is also included to keep air bubbles from 
hastening corrosion in the collector risers.
 

When a heat exchanger 
is used across the top of the collectors, an
 
antifreeze can be used as 
the heat transfer fluid. 
 This will protect
 
the collectors from freezing, but not the water in the heat exchanger. 
The closed loop in the collector is filled with a water-glycol mixture 
and will require an expansion tank and fill valve in addition to the air
 
vent and temperature/pressure relief valve.
 

The heat exchanger eliminates the 
heat losses to ambient from the
 
storage tank and reduces the size of the collector profile so that it is
 
more visually attractive. 
 The use of an antifreeze solution reduces
 
collection efficiency, and the 
heat exchanger reduces it 
further, but
 
only the plumbing line to the heat exchanger needs to be drained in 
freezing weather. 
 The heat exchanger can 
either be plumbed between the
 
cold weather supply and the conventional tank 
(with a bypass loop)when
 
city water pressure is available, or as a loop from 
the conventional
 

tank, with its own circulating pump. In the latter case, the system is
 
no longer totally passive, but is 
a hybrid system as the collection loop
 

is passive and the storage loop uses a circulating pump.
 

6.2.3 Phase-Change Systems
 

Phase change collectors use a heat-transfer fluid that changes from a 
liquid to a gas when heated by the sun. The gas bubbles rise in the
 
collector, pass 
 over the heat exchanger and condense to a liquid again 
as they give up their latent heat. This condensed fluid flows by 
gravity to the bottom of the 
 collector to rise again (this is
 

illustrated in Exhibit 6-7).
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As the fluid, usually a refrigerant, is able to change phase and store 
latent heat, 
it has a higher efficiency than used in
fluid thermosi
pl-ning collectors, which can only store sensible heat. System manu
facturers claim increased eificiencies of 30 to 40 percent. Although 
the collectors cannot freeze, the heat exchanger has the sane problems 
as its counterpart in thermsiphoning collectors.
 

Most phase-change systems have the same major problem as the
 
thermosipohon systems: the 
tank or heat-exchanger must be physically
 
placed above the top of the collector. In addition, the use of a
 
refrigerant means silver
using solder for piping connections and
 
incurrinq a corresponding additional increase in cost.
 

A nr',' proto-type phase-change system is being developed in 
the United
 
States that is totally passive and yet still allows the storage tank to
 
be placed on a level below. The Geyser Pumptm solar collector (Sunrise 
Research, Eugene, Oregon) uses a water-alcohol mixture that uses the
 
phase-change to motivate the fluid through the loop, and not as a method
 
of heat transfer between collectors 
and storage (as in traditional
 
phase-change collectors). 
 The fluid begins to boil, carrying a mix of
 
gas and liquid to tubes at the top of the collectors (a diagram is 
provided in Exhibit 6--8). 
 This creates a closed loop pressure
 
differential which the system naturally tries to overcome. The liquid
 
portion of the mixture flows down to the storage tank, gives up its heat
 
in the heat exchanger, and is forced up again to the collectors because
 
of the difference in pressure. 
 The gaseous portion passes to the vapor
 
condenser, where it condenses against the 
cooler liquid returning from
 
the heat exchanger. The combined liquid is gravity fed to the bottom of
 
the collectors. A check valve prevents backflow through the system.
 

The system is totally passive in collection and storage, with no pumps,
 
controls, or sensors. 
 It protects itself against freezing and stagna
tion, and is self-controlled. 
The biggest advantage architecturally and
 
structurally is that the tank can be placed below the collectors.
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6.3 

Exhibit 6-9 is an illustration of another commercially available phase
-change passive water heater. 
 The illustrated unit incorporates a
 
mo:lar design enabling required components to function as unit toa 
produce hot water by passive means.
 

Active DIIW Systems
 

6.3.1 Overview 

Active water 
heating systems are classified az either direct or
 
indirect. These two main types are further subclassified according to
 
operating principle. All active DEI 
systems consist of the following
 

components:
 

1. Collector panels: Heat collection fluid.
 

2. Circulation pump: 
 Forces cold fluid through the collector and
 

to the storage tank.
 

3. Storage tank: Contains the heated fluid until it is used.
 

4. Valves: Controls the flow of fluid in the system.
 

5. Thermostatic control: Regulates the 
 speed of the pump which
 

determines the flow of fluid in the system.
 

6.3.2 Direct Heating DHW Systems
 

Direct heating systems utilize potable water which is directly heated in
 
a collector and then transferred to Exhibit 6-10
storage. provides a
 
schematic diaqram of a direct-heating active solar DHW system.
 

Instead of insolation levels controlling fluid circulation (as in 
passive thermoisphoning type systems), in an active system, a 
temperature sensor actuates a small pump which circulates water through
 
the collector-storage loop. To maximize utilization of solar energy,
 

R632/ll.de 
 6-16
 

http:R632/ll.de


SOLAR NIGHIV 
Domestic lot Water System 
Series 1000 

EXHIBIT 6-9. 
 General 
Energy Technologies, Incorporated, Albuquerque,
 
New Mexico. Phase-Change Water Heater.
 

R632/11 .de 
 6-17
 



AirVent Normally Oa.n 
Solenod Vai.o 

Temp. a Pro%, 
ReIh1 Va| 

Ssor A 

H I B I T6 1,t 

Normally CpnT/av 

collolorlHot 

Volvo=_-

ODifferanltall 

rn'csla.1of 

Ten . PrL
{Relet Valve 

i o n l a D i pT u be 

Au o a i D a n D ne toa t n slem 

Vlv-

Gale "vin 
' ---, _ 

Cold Wfler 

WOtW 

H 

Auxiliary 

l)n 

Drain GotoVovoi 

PumpSrieSoenoid 
otaQ Volvo Normally CJaId 

Volvo 

Sensor B 

DraJik 

EXHIBIT 6-10. 
 Direct Heating, Pump Circulation Solar Water Heater with 
Automatic Drain-Do,..,. (Applicable ailso to a two-tank system) 
 (SOL-I)
 

R632/II. de 
 6-18
 



temperature control is based 
on the difference in temperature between
 
water flowing into the collector and that of water flowing out of the 
cc'-lector. Whenever the temperature difference exceeds a specified set
 
point, the pump is actuated. The sensor at the collector outlet must be
 
located close enough to the collector so that it detects the fluid
 
temperature even when the jur,p is not running. (See pcsition A in 
Exhibit 6-10). Similarly, the sensor in the storage tank should be
 
located in or near 
the bottom outlet where the water is supplied to the
 
collector (See position B in Exhibit 6-10). When 
the temperature
 
difference is lower than a preset lower differential limit, the pump is
 
shut off and circulation ceases. Reverse circulatiop is prevented by a
 
check valve located in the circulation line.
 

If domestic hot water use is riot sufficient to maintain storage tank
 
temperature at normal levels, boiling may orcur in the collector line 
and circulation line. If a check valve 
is used to prevent reverse
 
circulation, a relief valve must also be provided in the loop to allow 
the escape of steam and prevent system damage from boiling.
 

If a pump-circulation system is used in freezing cliaites, the collector
 
must be drained when freezing temperatures and sub-freezing temperatures
 

are 'encountered.
 

Drainage of the collector can be accomplished by automatic valves which
 
provide water outflow to a drain and air inflow to 
the collector. One 
typical control arrangement provides for the opening of these two valves 
whenever the circulating pump is not running. For increased
 
reliability, 
the valves should be driven mechanically rather than
 
electrically. The main disadvantge to 
this system is the frequent
 
exposure of collector tubing to air and possible 
resultant corrosion.
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6.3.3 Indirect Heating DHW Systems
 

6.11.3.1 Classification
 

Indirect systems are 
 two-fluid systems in which a nonfreezing,
 
noncorrosive fluid is circulated through the collector and then utilized
 
to heat potable water in a storage tank. (This is illustrated in
 
Exhibit 6-11). 
 There are two basic methods of indirect heating; the use
 
of a nonfreezing liquid as the heat transfer fluid and the use of air.
 
Indirect systems eliminate the need for drainage of fluids in freezing
 
weather. 
 Corrosion is also decreased because a noncorrosive fluid is
 
used and because there is 
no free oxygen in the heat transfer medium.
 

6.3.3.2 Indirect Liquid Systems
 

The most commonly used liquid heat transfer medium in an indirect system
 
is a solution of ethylene glycol in water (automobile antifreeze). A
 
pump circulates this unpressurized solution tc and through 
 a
 
liquid-to-liquid heat exchanger. Simultanecusly, 
 another pump
 
circulates potable water from the stora.ge tank through the same heat
 
exchanger and back to storage.
 

If the heat exchanger is located below the bottom of the 
storage tank
 
and pipe sizes and exchanger design are adequate, thermosiphoning
 
circulation can be used and a pump can be eliminated from the potable
 
water loop. In an unpressurized collector circuit, an expansion tank is
 
needed in the collector loop, preferably near the high point of the
 
system. 
 This expansion tank must be vented to the atmosphere. If the
 
collector is operated under postive pressure, an expansion tank with a
 
pressure-balanced diaphragm may be located in the line near the solution
 
pump.
 

The heat exchanger must be designed ',hat rupture or
so corrosion will
 
not permit flow of the heat transfer fluid into the potable water supply
 
(even if pressure on the water side of the exchanger drops below that on
 
the antifreeze side). For this reason, 
a conventional shell-and-tube
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EXHIBIT 6-11. Indirect Heating, Pump 
Circulation Solar 
Water Heater
 
with Liquid Heat Transfer media. (SOL-1)
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exchanger or a single pipe 
coil inside the storage tank would not be
 
acceptable. Use of a design incorporating parallel tubes with metal
 
bc-.s between them would ensure 
that perforation of one tube could not
 
result in liquid entry into the other tube. 
 Another possible design is
 
a finned tube air-to-liquid heat exchanger 
which circulates the two
 
liquids through alternate rows of tubes. In 
this case, heat transfer
 

takes placp by conduction through the fins.
 

Although aqueous solutions of ethylene glycol and propylene glycol 
are
 
most commonly used, organic 
fluids such as silicone oil, Dowtherm jtm
 
and Therminol 55"" can also be used as heat-transfer media. High price
 
and high viscosity are primary disadvantages of these fluids, but 
chemical stability and high boiling points are advantages over the 
commonly used antifreeze solutions. 

6.3.3.3 Indirect Air Systems
 

In this system, solar-heated air 
is used to heat domestic water in an
 
air-to-water heat exchanger. 
A solar air collector is supplied with air
 
from a blower. The heated air 
is then cooled in the heat exchanger
 
through which potable water from storage 
is either pumped or circulated
 
by natural means. Air is then recirculated back to the collectors. As
 
in the other indirect systems, differential temperature control is used.
 
Exhibit 6-12 provides a schematic diagram of an air-heated DHW system.
 

Obvious advantages of air as a heat transfer medium are the absence of
 
corrosion in the collector loop, no toxic leakage into the potable water
 
supply tank, freedom from 
 freezing, boiling, and evaporation of
 
collector fluid. Disadvantages are 
the need for larger fluid conduits
 
between the collector and heat exchanger, the need for an additional air
 
blower which results in higher power consumption, and necessity of
 
larger collector surface area.
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EXHIBIT 6-12. Solar Water Heaters With Air Collectors. (SOL-l)
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6.4 Auxiliary DHW Systems
 

Th demand for a reliable supply of hot water can require the use of 
auxiliary heat for supplementing the solar source.
 

6.4.1 Auxiliary Location
 

In order to maxinize solar supply use and minimize auxiliary use, direct
 
or indirect auxiliary heat input to the fluid 
entering the solar
 
collector must be avoided. 
 If auxiliary heat is added to the solar
 
water storage tank so that the temperaturc of the fluid is above that 
normally supplied, collector efficiency is Yreduced because of higher 
heat losses from the collector. Thus, auxiliary heat should be placed 
beyond or downstream from the collector-storage system, making the solar 
storage tank a "preheat" tank for the auxiliary hot water heater. 

6.4.2 Electric Resistance Auxiliary Heat
 

An electric resistance heating element is often used to provide backup
 
energy to the hot water storage tank. The heater is generally located
 
in the upper portion of the tank. Cold water arrives at the bottom of
 
the tank and is drawn at the same level into the collector loop. Hot 
water comes back from the collector and flows into the tank below the
 
resistance heater so that a supply of hot water 
is always available at
 
the top of the tank. Since the electric element is heating the warmest
 
layer of water, system efficiency is increased and storage requirement
 
is reduced. If relatively hot water is needed, use of an auxiliary 
heater may cause an undesirable impact on collector efficiency due 
to
 
mixing of layers in the storage tank.
 

6.4.3 Auxiliary Heat Using Gas or Oil 

If gas or oil is used as auxiliary heat sour:ce, a two-tank system might 
be required, as burners are usually located at the bottom of the 
auxiliary sLorage tank. Auxiliary heat supplied from the bottom of the 
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6.5 

tank raises the water temperature uniformly and promotes layer mixing. 

In such a c.se, collector efficiency is adversely affected if only one
 

tV v' is used. Exhibit 6-13 illustrates the configuration of a two-tank 
system typical of some United States installations. The solar energy 

collected is used to preheat incoming cold water. The top layer in the
 

preheat tank is then drawn to be heated in the second tank by an
 

auxiliary gas or oil furnace.
 

System Maintenance
 

Corrosion represents the greatest maintenance problem in solar DHW
 

systems. There are two main sources of corrosion: chemicals in water
 

and galvanic action.
 

6.5.1 Water Supply
 

The chemicals occurring naturally in the water supply (e.g. sulfur,
 

iron, calcium) form scales which clog aluminum or steel collector
 

tubing. Because of this, copper tubing is used in most open solar 

systems. Even if copper tubing is used, it is recommendepd that, to 
prevent clogging, it never be less than 1.27 cm interior diameter (I.D.) 
Exhibit 6-14 contains a list of typical detrimental and beneficial water 

quality parameters. Collector field studies have indicated that a pH 
between 7.0 and 8.5 (slightly basic) is optimal for corrosion control. 

A pH value below 7.0 and the presence of chloride or sulfate ions will 

result in rapid corrosion.
 

6.5.2 Galvanic Corrosion
 

Galvanic corrosion occurs when two dissimilar metals are used in the 
presence of aqueous working fluids. Corrosion results from the 

differences in electrochemica] potentials. Exhibit 6-15 presents a list 

of elements that may be present in solar systems. The potential
 

difference bet.%,een any two elements is a measure of the tendency for the 
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reaction to occur. For example, from Exhibit 6-15 for a system made of
 
aluminun and copper, the oxidation potential tending to promote the
 

reiction is:
 

1.66V - (--0.34V) = 2.OOV
 

Practicaly, the use of brass or 
bronze nipples to connect a steel tank
 

to a coppet water pipe will reduce 
this problem. Joints connecting
 
steel to copper and aluminum to copper should be avoided to minimize
 

galvanic corrosion.
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Detrimental parameters Beneficial parameters 

Dissolved oxygen Calcium ion
 
Sulfides 
 Bicarbonate ion
 
Tin 
 Metaphnsphate ion
 
Magnesium ion (with Al) Monohydrogen phosphate ion
 
Chloride ion 
 Silica (SiO 2 )
 
Sulfate ion 
 Organic color
 
Nitrate ion 
 Borax (solium borate decahydrate) 
Carbonate ion 
Hydroxyl ion (high pH enhances corrosion) 
Hydronium ion (low pH enhances corrosion) 
Cupric ion 
Carbonyl ion 
Nickel ion 
Lead ion 

EXHIBIT 6-14. Water Quality Parameters and Corrosion Control. (KRE)
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Oxidation potential in 
1-molal solution 

Element (V) 

Sodium +2.71
 
Magnesium 
 2.37
 
Aluminum 
 1.66
 
Zinc 
 0.76 
Iron (to ferric i6n) 0.44 
Cobalt 0.28
 
Nickel 
 0.25 
Tin 0.14 
Lead 0.13 
Hydrogen (reference) 0.00 
Copper (to cupric ion) -0.34 
Bromide ion (to Br2 gas) 1.09 
Chloride ion (to Cl, gas) 1.36 

EXHIBIT 6-15. Partial Electromotive Series For Solar System Components. 

(KRE) 
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7. DESIGN CONSIDERATIONS FOR ACTIVE SYSTEMS 

7.1. Introduction 

One of the main difficulties facing potential designers and users of 
solar systems is how to determine requiired system size. 
 A solar system
 
can be designed so that 
it provides for all of the heating, cooling, or
 
domestic hot load,
water whichever is desired. However, in most
 
climates, the cost of such a system would not be cost effective.
 

System components such as pumps and storage tanks are selected on the 
basis of collector area. 
 The main reason that the collector area is the
 
primary design variable is that it is a primary factor in determining 
the amount of solar energy 
that can be collected. Rules of thumb are
 
used to select heat exchangers, ducts, pumps, and tanks once the 
collector area is determined.
 

In order to determin- the optimum solar system size or solar collection
 
area, several systems need to be investigated to predict determine
or 

the performance each.
of Economic 
analysis will determine whether
 
additional area its
and resultant additional energy contribution
 
justifies thr; added cost.
 

Several simulation and design methods have been 
developed to aid in
 
predicting a solar system's performance. Most routines utilize the test
 
slope and intercept from the ASHRAE 93-77 procedure (-FIUL, FRk7o-) in 
combination with the collector 
area to determine "f", the fraction of
 
the user load that is supplied by solar.
 

Most of the simulation and 
design methods have been prepared for use
 
with a computer or calculator. This is primarily because of the complex
 
calculations, each of which has to be repeated several times. The
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process being studied is unsteady; solar insolation, radiation geometry,
 
and anhient temperatures all vary throughout the day as well as 
tL :coughout the year. A number of available computer routines can aid in 
solar system analysis and design. Among them are TRNSYS, F-Chart,
 

SOLCOST, SLR, SEU, and GFL.
 

Design routines can be classified as hourly simulations or correlation 

routines. The correlation routines were primarily derived from hundreds
 

of hourly simulations. The primary disadvantage of correlations is that 
they apply accurately only for the system that was initially
 
investigated. If the user has a different configuration from the 
initial basis, these correlations may not be accurate at all. On the 
other hand, hourly simulations also have their disadvantages. The basic 
disadvantage is the amount of data needed to conduct the simulations.
 
Hourly insolation data, hourly temperature data, wind speed. humidity. 
frequency of rainfall, etc. for a whole year are not available for many
 
locations. In addition, the time require7 to run the large number of 
simulations needed, is costly both in computer time and required 

manpowe r. 

Methods of solar system design can also be classfied in three general
 

categories:
 

1. 	Systems in which the collector inlet temperature is known 
and the critical radiation level can be readily
established. These methods primarily determine radiation
 
levels above which useful energy can be collected. An
 
example is the utilizability method.
 

2. 	Approaches that consist of correlations of the result of a
 
large number of detailed simulations, usually correlated in 
terms of easily calculated dimensionless groups. Examples
 
include the F-Chart. 

3. 	Methods based on short-cut simulations, done using
representative days of meteorological 'ata. Results are 
related to long term performance. Examples are the SLR, 
relative areas, and most graphical methods.
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There exist numerous methods to dcsign active
an solar system. This
 
notebook will describe 
a fel: of them, including SLR, TRNSYS, and
 

F--hart.
 

7.2 SLR Method
 

The Balcomb-Hedstrom method (HIM) estimates for a given collection area
 
the annual solar fraction of the heat load. 
 This method is related to
 
the load-collector ratio method 
(LCR) and consists of the following
 

steps:
 

1. 	Determine 
the monthly degree days for the location in
 
question.
 

2. 	Calculate the heat load for the building in terms of MJ/DD

(°C).
 

3. 	Determine the average total hocizontal solar radiation for
 
each month of the year (MJ/m2/mo).
 

4. 	Convert horizontal radiation to 
tilted radiation incident
 
on the collector surface (MJ/m2/mo).
 

5. 	Calculate SLR, the solar load ratio, for each month. 
This
 
term represents the raLio of total solar energy incident on

the collector surface to 
the total energy load of the
 
building.
 

Monthly = (area)(incident radiation)
 
SLR (building load)(DD/month)
 

6. 	Determine the annual solar heating fraction 
from the SLR 
data. 

12 
F = (monthly DD)(x) 

1 (annual DD) 

Where "x" equals: 

x = 1.06 - 1.366 exp (-0.55 SLR) + 0.306 exp (-1.05 SLR)
 

For SLR < .66
 

x=l
 

For 	SLR > 5.66
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The following table, taken from (HIM) summarizes the standard parameters
 
used to develop the Balcomb-Hedstrom model.
 

Air System Liquid System 

Solar Collector 

# glazings 
transmissivity 
absorptance 
emittance 
insulation 
fluid flow rate 
heat capacity 
heat trans. coeff. 

2 
0.86 
0.98 
0.89 
R-12 

0.61 m3/min*m 
10.2 kJ/m2 * C 

(area) 

1 
0.86 
0.98 
0.89 
R-12 

.00082 m3 min*m2 
20.4 kJ/m * C 

to collection fluid 
tilt 
orientation 

81.8 kJ/hr*m2*oc 
lat + 100 
due south 

613.2 kJi/hr*m2 *oC 
lat +100 
due south 

Collector Piping/Ducts 

ht. loss coeff. 
to ambient 2.0 kJ/hr*m2* ° C .82 kJ/hr*m 2*0C 

Heat Exchanger 

effectiveness 204 kJ/hr*m2 *°C 

Thermal Storage 

heat capacity 
ht. loss coeff. 
dimensionless rock

306.6 kJ/m2 *0C 
0 

306.6 kJ/m'*oC 
0 

bed heat transfer length 10 

Heat Distribution 

temperature of distr. 
building maintained at 200C 

490 C 
200C 

7.3 TRNSYS 

TRNSYS is an hourly simulation package that was developed at the Solar 
Energy Laboratory of the University of Wisconsin-Madison, in Madison, 
Wisconsin, 
 USA. This package is modular in that each 
 system
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subcomponent is modeled 
 separately and designated a particular
 
subroutine. Components 
available include: collector, differential
 
cc-troller, pump, liquid storage tank, auxiliary heater, and packed bed
 

energy storage tank.
 

TRNSYS is very accurate and its output is almost extensively used to
 
gene-ate generalized correlations. As was stated earlier, because of
 
the facilities and expertise needed and the lack of necessary
 
meteorological. data, TRNSYS is mostly used for research and development
 

applications rather than by the individual designer.
 

7.4 F-Chart
 

The most commonly used solar system design method is the F-Chart method
 
dveloped by S. Klein and W. Beckman. The F-Chart package is
 
designer-oriented and is ultimately derived from TRNSYS output. It
 
estimates the fraction of total heating or domestic hot water load that
 

can be supplied by solar energy for a given system.
 

F-Chart correlations have been developed for air-based systems and
 
water-based systems used for domestic space heating and domestic water
 

heating. These correlations relate the monthly solar fraction, f,
 
provided by the solar system and two dimensionless parameters, X and Y.
 

X = Ratio of collector losses to user load.
 

Y = Ratio of collector gains to user load.
 

The primary design variable in the F-Chart method is the collector area.
 
Secondary variables include collector type, storage capacity, fluid flow
 

rates, and heat exchanger sizes.
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The F-Chart program outputs the monthly performance of the solar system.
 
For this reason, it is mainly applicable to analysis of long-term
 
th rmal performance of a particular solar system. 
Because it performs a
 
correlation, the method has several limitations:
 

1. 	For domestic hot water systems assume a constant daily

water usage distribution. (Itdoes not account for periods

when the system may not be used, i.e. vacations.)
 

2. 	In a water heating system, it is assumed 
that energy in
 
water above the set temperature is not useful.
 

3. 	F-Chart does 
not take into account system degradat: i and
 
leakage.
 

4. 	All liquid storage tanks are assumed to b 
fully mixed.
 
(Both storage and preheat tanks) 
 This leads to
 
conservative estimates long-term
of performance by

overestimating collector inlet conditions.
 

5. 	All days are considered symmetrical about solar noon.
 

6. 	The most important limitation is that F-Chart is a
 
correlation for a specified system and 
only accurately

applies to that system. Using F-Chart to model a system

which is vastly different from the originally specified
 
system will result in inaccurate performance estimates.
 

As previously mentioned, this method correlates f, the fraction of the
 
load supplied by solar energy, to two dimensionless qroups, X and Y.
 
[Taken from (BEC)]
 

X = 	(AC)*(Fr,)*(U1 )(TT f - T )(t) 

Y = 	(Ac ) *FR ' ' ( ) ( N ) 

L 

SYMBOL EXPLANATION 

A collection area 

FR ' collector heat exchanger efficiency factor
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U1 collector overall heat loss coefficient
 

t number of seconds in a month
 

T monthly average ambient temperature 

Tref reference temperature, (1000 C) 

L monthly total heat load for both space heat and domestic 
hot water applications
 

HT monthly average daily radiation incident on collector plane 

N number of days per month
 

( .) monthly average transmittance absorptance product 

These expressions can be rearranged as follows:
 

X (FitU 1 IFtr '/FP ] [Tr e f - Ta] It] [A/L] 

Y = [FR (-r-)n I [FR '/F,] [(/("to) [A/L] [HT N] 

The factors F.U1 and FR ('Yc')n are obtained from collector performance 

test results. The term (FR'/FR) corrects for temperature drops between 
collector and the storage tank. It is an indication of the penalty in 
collector performance incurred because a heat exchanger located between
 

the collector and storage unit causes the collector subsystem to operate
 

at higher temperature than it normally would.
 

If there is no heat exchanger between the collector subsystem and the 
storage medium, the term FR /FR equals one. Refer to the reference 

(BEC) for situations in which this is not the case.
 

The term (n/)/( &' is the ratio of the average transmission/absorp

tance product to that at normal incidence. Klein (BEC) found that the 

value of (-7--)/(-r :1 ) during the winter months is nearly constant and 

equal to 0.96 for a one-cover collection subsystem. For collectors
 

oriented toward the equator, and tilted at angle of latitude plus 150,
 

Klein suggests using the value of 0.96 for one-glazed systems and 0.94
 

for a two-cover system.
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LIQUID-BASED SYSTEMS
 

T1 i F-Chart -cla -on for lcuid-based space heating systems is 
represented by the following expression: 

f = 1.029Y - 0.065X - 0.245Y' + 0.0018X 2 + 0.0215Y3 

The terms X and Y are calculated from the relations previously
 

mentioned.
 

A correlation such as the F-Chart is derived by empirically fitting data
 
obtained from a large 
number of detailed simulations. It has already
 
been stated that one 
of the weaknesses of a correlation is that it
 
applies to a specific set of conditions. If the conditions or the
 
system studies are different from that used 
to develop the correlation,
 
correction factors are required 
to provide accurate results. Examples
 
include changes in storage capacity and changes in load heat exchanger
 

size.
 

The storage capacity used to develop the F-Chart is 
75 1/m collection
 
area. For other storage capacities, a correction factor 
is needed to
 
adjust X, the parameter which relates collector heat losses to the total
 
heat load. This factor X,/X is calculated as follows:
 

X, = Actual storage -0,2
 

X- 75 1inm
 

for:
 

0.5 < actual storage < 4.0
 

75 /m
 

Another parameter which will affect 
the accuracy of F-Chart is the load
 
heat exchanger size. If this heat exchanger is reduced in size, the
 
storage tank temperature must be increased to supply the amount of
same 
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energy. The consequences are hiqher collector temperatures and reduced
 
collector output. A measure of the exchanger size required is the value
 

of t~ie group
 

eI Cmi.n
 

(UA)h
 

e, effectiveness of load heat exchanger
 

C,, n minimum fluid capacitance in load exchanger
 
(UA)h overall heat loss coefficient for building.
 

It has been observed that a significant reduction in performance results
 
when e1 C i(UA) is less than one. Practical values for this factor
 
are between 1 and 3. The 
F-Chart program for liquid systems was
 
developed with a value of two. The following factor is required when
 
values of eiC in/(UA)h other than two are used.
 

YC = 0.39 + 0.65exp(-0.139 (UA)h
 
Y 
 e Cni n
 

for:
 

0.5 < elCmi n < 50 

(UA)h
 

AIR BASED SYST--MS 

The F-Chart correlation for air-based space heating systems 
 is
 
represented by the following relation:
 

f = 1.040Y - 0.065x - 0.159y2 + U.00187X2 - 0.0095Y'
 

As in the liquid system case, correction factors are needed when certain
 
system parameters vary from those 
 values used to develop the
 
correlation.
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The first such factor is air flow rate. Air flow rate affects both X 
and Y. An increase in flow rate tends to 
improve system performance by 
irj :easing turbulence and therefore F. ; this increased efficiency
 
affects the value of Y. However, an increase in flow rate decreases 
thermal efficiency 
by reducing thermal stratification 
in the rock
 
storage bed; this decreased performance is reflected in the value of X. 
Overall, air flow rate produces the most profound effects upon the value 
of X. The following correlation factor is required when flow rates 
other than 10 I/s per square meter of collection areas are used.
 

X = actual air flow rate 0.28
 
X- 10 i/s*m 2
 

for:
 

0.5 < actual flow rate < 2
 

The second factor which affects air-based systems is rock-bed storage 
capacity. Performance of an air-based system is less sensitive 
to
 
storage capacity than that of liquid-based systems. Unlike liquid
 
systems, air can
systems operate in a collector-load 
mode in which
 
storage is bypassed. The F-Chart for air 
systems is based on storage
capacity of 0.25 nI rock per square meter of collection area, which 
corresponds to 350 kJ/m *C for typical void fraction and properties.
 

Xc = actual capacity -0.30 

25 m/m' area 

for:
 

0.5 < actual flow rate 
 < 2
 

25 m /m2 
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7.5 

DOMESTIC IMYT WATER SYSTEMS
 

Fc- systems with DIN capabilities only, the F-Chart correlation for a 
liquid system is with a coluection factoL. Two temperatures are needed
 
for the analysis:
 

T main water temperature, deg C 
T, minimum acceptable hot water temperature, deg C
 

X = 11.6 + 1.8T + 3.86T - 2.32TC Tn a 

X ( -Ta)
a 

This expression is based on a storage capacity of 75 1 per square meter 
collection area; all temperatures are in degrees Celsius. 

Rules of Thumb for Sizing Active Solar System Components
 

As was discussed in sections 4 and 6, one of the main difficulties 
facing potential solar users is the determination of the required system
 
size. Most system components such as pumps, blowers, piping, tanks and
 
ductwork are selected 
on the basis of collector area. The principal
 
reabon is that the amount of collection surface area determines the 
total thermal energy that can be delivered to the user's load.
 

This section provides basic "rules of thumb" to use when selecting 
subsystem equipment. These guidelines are for preliminary design only.
 
Proper optimization techniques should be used when nuking 
final
 
selections for heat exchanger, piping, ductwork, etc. 
 For these rules,
 
it has been assumed that an optimum collection area has already been 
selected by valid technical and economic analyses. All design
 
suggestions are 
referenced to a unit area of collection surface, i.e. a
 
storage capacity of 2 1 per square meter 
 m ) of collector. The 
following information has been compiled from these references: (BEC), 
(CEC-4), (KRE-3), (SOL-l), (SOL-2), (WIL), (HIM), (DOE). 
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LIQUID-BASED SPACE HEATING SYSTEM
 

CC IPOjNT RECOMMENDED RANGE OF VALUES 
VAUE -_ _ _ _ 

Collector 
 true south, 0 00 150
 
orientation
 

Collector tilt latitude + 150 (lat - 200) 
to vertical
 

(lat + 15) + 150
 

Collector fluid 0.0136 l/s*m2 0.00679 - 0.0204 i/s*m 2
 
flow rate 0.010 to 0.020 kg/s*m 2
 

Water storage 81.6 i/m2 40.8 to 102 1/m 2
 

Collector/storage 
 F '/F R = 0.97 FR'/F R > 0.90
 
heat exchanger
 

Load heat exchanger 
 eC.,,in = 2 1 < eLCmi < 5n 

(UA)L (UA)L
 

Pressure drop 
 3.45 to 34.5 kPa/module
 
across collector
 

Approach temp for 5.60 C
 
heat exchanger
 

Water preheat 1.5* (capacity of conventional heater)
 
tank capacity
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AIR-BASED SPACE HEATING SYSTEM
 

CCI2ONENT RECOMMENDED RANGE OF VALUES 
VALUE 

Collector true south, 0 00 + 150 
orientation 

Collector slope latitude + 15 ° (lat + 150) +15 ° 

Collector air 10.2 2 5/s*m5 - 20 i/m 2 *s 
flow rate 

Storage capacity 0.23 m3/m2 0.15 to 0.35 M3 rock/m 
collector 

Pebble size 0.019 - 0.038 m 0.01 to 0.03 m 
(graded to 
uniform size) 

Bed length, 1.83 m 1.25 to 2.5 m 
flow direction 

Pressure Drops 
Pebble bed 0.0374 kPa,g 55 Pa minimum 
Collector 50 to 200 Pa 
Ductwork 0.065 kPa/100 m 10 Pa 

Maximum entry velocity 4 m/s 
of air into pebble bed 
at 55 Pa delta P 

Water preheat 2*(DHW aux. tank) 1.5*conventional water 
tank capacity heater 

Duct insulation 2.54 cm fiberglass R-4 to R-13 

R-7 minimum 
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ACTIVE DOMESTIC HOT WATER SYSTES 

COMPONEr RANGE 

Collector area 0.0245 m2/l*day
 
rough approximation
 

Storage 61.2 to 81.6 1/m2
 
capacity
 

Water equivalent collector 0.0204 - 0.0272 i/s*m 2
 

flow rate
 

Heat exchange area 	 0.05 to 0.1 m2
 
2
 

m C 

Collector tilt 
 latitude + 50
 

Expansion tank volume 12% of collector fluid loop
 
indirec: system
 

Heat rejector capacity 	 Equivalent to peak collection
 
rate possible under clear sky
 
conditions at heat rejection
 
specified temperature
 

Controller turn on 
 8.3 to 11.10C
 
temperature difference
 

Controller turn off 
 1.7 to 2.80 C
 
temperature difference
 

System operating pressure 	 To provide 20.7 kPa, gauge at
 
topmost collector manifold
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ACTIVE DOMESTIC HOT WATER SYSTEMS 

COMPONENT 
 RANGE
 

Storage tank insulation R-25 to R-30 

Mixing valve set point 
 48.90 to 60"C
 

Pipe diameter 
 To maintain fluid velocity below 
1.83 m/s and above 0.61 m/s 
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RECOMMIEDED PIPE DIAMETERS MOR VARIMAS FLOW RATS (SOrL-1) 

Sc -ctpipe size 
E--icjlish if-t-

Flow rate 
-a-/ni-h liter/sec 

Velociy 
fc/s m/s 

Pressure drop 
per M0 feetPSI 

3/8" 2 0.126 3.36 1.02 6.58 

1/2" 4 0.253 4.22 1.29 7.42 

3/'4" 8 0.505 4.81 1.47 6.60 

1" 15 0.948 5.57 1.70 6.36 

1-1/4" 25 1.58 5.37 1.64 4.22 
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DIMENSIONS AND AIR VELOCITIES FOR VARIOUS ROCK BEDS (KRE-4)
 

Be dimensions 
and air velocity 

Rock diameter (cm) 
0.64 cm 1.3 cm 1.9 cm 

Design 
Bass 

Bed height, m 
Bed area, mAir velocity, R/s 

1.04 
25.6
0.030 

1.80 
14.8
0.053 

2.26 
11.7
0.067 

Maximum allowable 
pressure (maximumheight) 

Bed height, m 0.838 1.22 1.52 Intermediate 
Bed area, m-
Air velocity, m/s 

31.6 
0.025 

21.7 
0.036 

17.4 
0.045 

Height 

Bed height, m 0.610 0.610 0.610 Minimum 
Bed area, m 
Air velocity, m/s 

43.4 
0.018 

43.4 
0.018 

43.4 
0.018 

Height 
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-- -- --

7.6 

It must be emphasized that the preceding guidelines are only for
 
preliminary system sizing. 
 Final equipment 	specifications are obtained
 
thr-qh rigorous desigr, methods and subsequent economic optimization.
 
The rules of thumb given are used to obtain an estimated system cost.
 
At that point, a decision is made regarding feasibility of further study
 
and implementation of 
the system. If the decision is favorable, de
tailed design routines would be utilized to analyze and specify all
 
aspects of the system, i.e. 
pump type, pump size, pipe material, pipe
 
sizes, and heat exchanger size.
 

Solar Collector 	Performance
 

7.6.1 Tntroduction
 

A solar collector "gathers" energy by converting incident solar
 
radiation to energy in the form of a heated fluid. The 
conversion
 
occurs when an 	absorber is heated by the sun's radiation and subse
quently contacts a moving fluid either directly or indirectly.
 

Under steady conditions, the useful energy delivered by the solar
 
collector is equal to the solar energy absorbed minus any heat losses.
 
This principle can be stated as:
 

Useful 
 Area of 'Solar , Heat 
Energy from = Absorber lRadiation - :Losses 
Collector i Absorbed
 

Using the terminology used by Duffie and Beckman, (BEC):
 

Qu = A F, [GT ( > - UL (Tp - Ta)] 

Where (utilizing English or metric units throughout):
 

Q. 	 Useful heat delivered by collector system
 
(kJ/'s, BTU/hr).
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A= 	 Total collection area (m2 , ft2 ).
C 

F = 	 Heat removal factor, the ratio of the 
energy collected to that collected if the 
entire absorber plate were at the inlet 
fluid temperature. 

GT 	 Solar radiation incident on upper surface
 
area 	 (kJ/s/m2
 

of collector per unit 

BTU/hr/ft 2 ). 

= 	 Absorptivity, the fraction of incoming 

solar energy incident on surface which is 
absorbed, dimensionless.
 

"= 	 Transmissivity, the fraction of incoming
 
solar radiation which reaches absorbing
 
surface, dimensionless.
 

UL = 	 Overall heat loss coefficient of collector,(W/m2/C, BTU/hr/ft2/ F). 

TP 	 Average temperature of the upper surface of
 

absorber plate, (°C, OF).
 

T 	 Ambient temperature, (°C, OF). 

7.6.2 Principal Design Factors 

The goal of collector design is to maximize the amount of solar 

radiation that can be absorbed on the collector while simultaneously
 

minimizing heat losses. Therefore, a collector designer has two options
 

to improve collector performance: increase solar absorptance and/or
 

decrease heat loss. A measure of performance is the collector's thermal
 

efficiency, which indicates what fraction of incident radiation is
 

converted to useful energy.
 

Heat loss from the collector occurs by radiation, convection, and 

conduction. If a bare metal plate servvs as the collector, heat loss 

coefficients to the atmosphere range from 2 to 10 BTUh/ft2 *F (11.3 to 

56.7 W/m2 1C). As a result, cates of heat loss would be so large that 

an absorber plate temperature 25 to 500 F (13.9 to 27.8 0 C) above 
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atmospherir would be the 
maximum achievable under typical full solar
 

insolation of 300 BTU/ft2 
(3403 kJ/m 2 ) (SOL-2). Under these conditions
 
n useful heat would be delivered by the collector because heat loss
 
would equal absorbed solar radiation.
 

Heat loss due to convection and radiation can be 
reduced by installing
 
one or more transparent surfaces, such glass,
as above the metal
 
absorber. 
 Glass, for example, will transmit as much as 90 percent of
 
the incident solar radiation, well reducing
as as the heat loss 
coefficient UL . The reduction of UL results from a stagnant air layer
 
between the absorber plate and cover, -hic'i suppresses convection heat
 
loss. 
 In addition, long-wave thermal raidiation emitted by the absorber
 
plate is intercepted by the cover system because glass is opaque to
 
long-wave radiation. Similar benefits 
are realized by the use of
 
certain transparent plastics. 
In harsh climates, further reductions are
 
gained when a second transparent cover is utilized.
 

Radiation losses can be 
cut further by use of selective coatings on the
 
absorber and cover surfaces. Thermal radiation emitted by the absorber
 
plate may be reduced by reflecting it downward from the lower cover
 
plate. 
 This is accomplished by applying an infrared-reflecting coating
 
on the cover surface facing the absorber plate. For example, a very
 
thin layer of tin oxide or indium oxide deposited on the glass will
 
reduce losses by reflecting radiated energy 
back to the absorber
 
surface. These coatings absorb a small 
fraction of the incoming solar
 
radiation; usually, the reduced thermal losses offset 
the absorption
 

losses.
 

Conduction losses 
are due to thermal gradients in the absorber plate.
 
Such losses can be reduced by properly designed fluid flow patterns and
 
passages. The absorber plate shouid be 
a material with a high thermal
 
conductivity. Significant conduction losses occur 
throuqh the back and
 
sides of the collector. To uemedy this, high-temperature insulation
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should be used adjacent to the back side of the collector. Additional
 
insulation is needed for the 
sides. For medium-t:emperature flat plate
 
crLlectors, the R-value of the insulation should be at least 10 
(English
 

units).
 

As was ptavicusly stated, the thermal efficiency 
of a collector
 
indicates what fraction of incident solar radiation on the collector is
 
transferred as 
useful energy to the working fluid.
 

The collector efficiency is important because it is used in design
 
calculations to determine the collector area required to provide a
 
nogded amount of useful thermal energy. Unfortunately, collector
 
efficiency is not a constant value; 
it depends upon such parameters as
 
average tempertaure of operation, solar insolation level, wind speed,
 
collector flow rate, and ambient temperature. As a result, for example,
 
the efficiency measured at noon on June 21 is not the 
same as the
 
average daily efficiency for June 21 and that is not the same 
as the
 
monthly efficiency for June.
 

The useful energy collected can be expressed as:
 

Q, = AC [GT (":) - Ur (TP - Ta)] 

If the numerical value of all terms
the above are known, the rate of
 
useful energy delivery, Q,, can be calculated. In addition to the
 
design characteristics of the collector, ambient temperature, 
solar
 
insolation, and average absorber plate temperoture must be known. 
With
 
the exception of plate temperature, these terms 
can be readily obtained.
 
The absorber plate temperature, however, is seldom kiown and cannot be
 
easily measured; it is affected by other col.ector operating conditions,
 
and, more importantly, by the inlet temperature of collector fluid. 
 In
 
most instances this inlet fluid 
 temperature is known can
or be
 
accurately estimated. For convenience, the above equation can be
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modified by substituting the inlet fluid temperature for the absorber 
plate temperature and adding a correction factor. The resulting 

eq 6Ltion is: 

Q, = FP A [GT ) - Ur, (T i - T)] 

Ti inlet collector fluid temperature 

F1 heat removal factor 

The heat removal factor FP is the ratio of collected energy to that 
collected if the absorber plate temperature were equal to the inlet
 
fluid temperature. Theoretically, this temperature equality would be 
possible if the fluid were circulated through the collector at a large 
rate such that there would be a negligible rise in the fluid temperature
 

as the 	 fluid is circulated. The heat transfer coefficient for heat 
transfer between the absorber plate and collection fluid would be high 
so that 	a negligible temperature difference between the two would exist.
 

The above equation can be rewritten so as to define the collector 

efficiency, that is, the ratio of useful energy delivery to total solar
 

insolation incident.
 

-	 FR (.7'o() - FR LJ - T)(T i 

The efficiency can also be defined by:
 

- mc AT 
A CT 

Where:
 

mmass 
 flow rate of fluid through the collector
 

c 
 heat capacity of working fluid
 

T 	 temperature difference between inlet and outlet
 
of collector fluid.
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For a given collector operating at a constant fluid circulotion rate, 
A,C FR , , and 1L ofI , U are nearly independent temperature and 

ii-solation level. 
 As it is defined, the collector efficiency decreases
 

as the average fluid temperature increases. 

Assuming that A, , F,, , , and Lare constant, '~ , the thermal 
efficiency, is a linear function of the difference (T, - T ). That is, 
the preceding equation represents a straight line of a plot of effi
ciency versus (T - T . The y-intercept of this curve is F) 
and 
the slope is -FR U11. If experimental data on collector energy 
delivery at various temperatures and solar conditions are plotted as 
versus (T, - TF) G , the best straight line through the data points is a 
complete representation of the collector performance over a wide
 

operating range.
 

The y-intercept of the efficiency (the point at which 
 the line
 
intercepts the vertical axis) corresponds to the fluid inlet temperature
 
being equal to the ambient temperature. At this point, collector
 
efficiency is at its maximum. When the curve intercepts the horizontal
 
axis, the thermal efficiency is zero. This situation corresponds to a
 
very low insolation level, or a high fluid temperature so that heat 
losses equal solar absorption so 
that no useful energy is delivered. At
 
this point, the temperature of the absorber plate is equal to the inlet
 
fluid temperature, and is the maximum attainable 
for a particular
 
ambient temperature and insolation level. This 
temperature is called
 
the stagnation temperature of the collector.
 

The efficiency curve slope -F,UL and intercept F. (-r_) are used in many
 
design procedures to characterize the collector's performance.
 
Knowledge of these 
two parameters allows the collector's behavior to be 
characterized over a normal temperature operation range. Many methods 

have been synthesized to experimentally determine these two parameters.
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Collector performance tests 
have been standardized 
and most test
 
facilities 
use the ASHRAE 93-77 
Standard Procedure. 
 The basic test
 
m( hod is to expose the test collector 
to solar radiotion and 
observe
 

its performance.
 

Data recorded in a 
typical test include:
 

1. Wind speed
 
2. Radiation incident on collector surface
 
3. Ambient temperature
 
4. Inlet and outlet fluid temperature
 
5. Fluid mass flow rate
 

ASHRAE has three standardized test methods for 
liquid solar ccllectors,
 
one for closed loop and 
two for 
open systems. These 
test methods have
 
the following common features:
 

o Control of 
the inlet temperature of working 
fluid into
collector. 
Tests are made at various inlet temperatures.
 

o Pyranometer on plane of collector 
to measure incident solar
 
radiation.
 

o Instrumentation to measure mass 
flow rate of working fluid,

inlet and 
 outlet 
 fluid temperatures, 
 and ambient
 
conditions.
 

o Instrumentation 
for pressure and pressure the
drop across 


collector.
 

For air 
heating collectors, additional 
instrumentation 
is needed to
 
specify conditions such 
as air 
flow rate, air mixing, air temperature,
 

and pressure drop.
 

Most performance 
tests are done outdoors although 
tests can be done
 
indoors with 
 equipment to 
 simulate 
 solar radiation 
 and ambient
 

conditions.
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7.7 

A typical test procedure is as follows:
 

a) The collector is 
 operated under steady conditions to
 
determineeoe
(G , T , T are measured). Outdoor tests are 
usually peformed at' miday, on clear days, and with beam 
radiation normal to collector surface. 

b) 
Tests are done at various inlet temperatures, T.
 
I 

c) "Instantaneous" efficiency 
 = 

ACGT
 

d) is plotted against (Ti 
-- Ta )/GT 

and are constant, the plot of efficiency
 
versus 


e) If UL, F , n'T'&) 
. - T )/G is a linear relationship. The slope of 

the curve (straAigh line) would be -F UL and the intercept
of FR (r .-i. 

However, UL, FR and ('rc:) are not constant. For instance, UL varies 
with temperature, wind speed, and number of coliector covers. 
Thus data 
is fitted to form a linear relationship. The parameters -FRU and F.L 

(^7' ) are used in design methods such as F-Chart to design and size 

systems.
 

Active/Passive Retrofit Guidelines
 

7.7.1 Introduction
 

Solar energy technologies have been used in the past primarily in new 
construction. Unless 
existing buildings are converted to solar, the
 
benefits of solar technologies will be slow in coming and limited to a 
small segment 
of the population. Solar retrofitting need not be
 
restircted 
to single family residential units. Businesses 
that use a
 
large amount of hot water and 
 apartment buildings are excellent
 

candidates for solar domestic hot water applications. It is believed 
that just about any structure should 
be regarded as a potential
 

retrofit.
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7.7.2 Energy Conservation
 

Be ure any solar system is chosen, it is important to determine the
 

current energy consumption due to space heating and domestic hot water.
 
Detailed techniques for estimating DIM, heat, and cooling loads are 

described in (ASH-i). Other good references are (KRE-3), (SOL-i), 

(SOL-2), and (WIL). 

7.7.2.1 DHW Conservation
 

There are several methods available which reduce the amount of energy
 

required for domestic hot water. In the majority of cases, they involve
 

simple changes in living habits or small expenditures. One simple
 

measure is to reduce hot water consumption. This can be accomplished by
 

altering some living habits; another method is to 
intall flow reducers
 

in shower heads and faucets. Another important conservation measure
 

which can save ol the DHW load is to stop hot water leaks caused by
 

dripping faucets. For example, a single hot water faucet leaking 1 drop
 

per second can waste 10 gallons (37.8 1) per day or 3650 gallons (13,815
 

1) per year. This 
can account for 10 percent of an average four-person
 

family consumption.
 

Additional conservation measures can reduce energy consumption for water
 

heating. These particular methods will not affect water consumption but
 

will reduce standby heat losses, thus saving fuel. Large heat losses
 

occur when hot water is in storage and is not being used. These standby
 

losses are teduced if the DHW thermostat is turned down. Another
 

important measure is to insulate the hot water tank by wrapping 3 1/2
 

inch (8.9 cm) thick fiberglass batts around the outside of the tank and
 

securing with tape. Reductions of up to 30 percent of the standby heat
 

lossses are possible.
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7.7.2.2 Space Heat Conservation
 

In general, space heat consumption can be reduced by putting less heat
 
into the building, decreasing the flow of heat out of the building, and
 
improving the efficiency of the heat source. Measures that can be taken
 
are the following:
 

(a)Lower thermostat setting
 

(b)Stop air leaks by weatherstripping and caulking
 

(c)Insulate ceiling
 

(d)Insulate exterior walls
 

(e)Insulate windows--storm windows, drapes, insulating

shutters, etc.
 

(f)Service furnace or heat source
 

(g)Turn off pilot lights in summer
 

7.7.3 Solar Prospecting
 

The first step in so]ar retrofitting is to reduce energy consumption by
 
conservation measures. The previous section described possible routes
 
to take. At this point, the amount of energy required for space heating
 
and hot water has already been estimated. The next major step is to
 
survey your house or building to see where you can locate the various
 
parts 
of a solar energy system. This step, referred to as solar
 
prospecting, consists of finding and evaluating potential collection
 
areas and noting capabilities of existing equipment.
 

7.7.3.1 Possible Collection Areas
 

Possible collection areas are any generally south-facing walls, roofs,
 
or 
fences that receive good sunlight and have areas of approximately 30
 
ft (2.79 m2) or greater. The ideal situation is one rectangular 
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uninterrupted area large enough to do the whole job. 
Unfortunately such
 
as an area does not often exist. Passive collection areas can be
 
d. ided more easily than active areas. Some passive rotrofits are
 
easier to do when remodeling at the same time, i.e. adding rooms or
 

knocking out walls.
 

One option is the use of free standing collectors Free standing
 
collectors can be mounted in yard areas, against south walls, 
and on
 
roofs. Problems encountered with free standing collectors include 
the
 

following:
 

1. 	Visibility--Collectors often protrude above 
the roof line
 
of buildings.
 

2. 	Wind--Panels can act as sails and 
tear off their mounts.
 
The stcucture must be capable of supporting a wind load of
 
15-20 lb/ft2 (73.2 to 97.6 kg/m 2 ) collection area.
 

3. 	Earthquakes--Panels must 
have sideway bracing capable of
 
resisting 1/5 of their weight.
 

4. 	Chimney and Vent Clearance--Free standing collectors can
 
interfere with proper performance of chimneys and vents.
 
Chimneys must extend 2 feet 
(61 	cm) above any panel within
 
a horizontal distance of 8 feet (2.44 m). 
 Vents must
 
extend 6 inches (15.2 cm) above the panel.
 

7.7.3.2 Shading
 

The issue of shading is just as important as a south-facing orientation.
 
A south-facing collection area that is shaded during critical hours will
 
not be ery efficient. It is generally recommended that a potential
 
colluction orea be exposed to direct between
su'ilight the hours of 9
 
a.m. to 3 p.m. It is difficult to precisely predict how much heat
 
collection is reduced by shadinq. 
A good rule of thumb is that whatever
 
percentage of collection area is shadeO, the 
system will lose double
 
that percentage in output (CEC). 
 For example, for a collection area in 
which 50 percent ic shaded during the c,Viical hours of 9 a.m. and 3 
p.m., the useful output will be virtually nothing. 
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When prospectirg, keep the following in mind:
 

1. 	Buildings or trees to 
the south of your location can cast
 
shadows on collectioi, reas. This is worse 
in winter
 
because of longer shadows.
 

2. 	Tall overhanging trees or building eaves 
cast shadows
 
during the summer.
 

3. 	Use a sun viewer to estimate summer and winter shading from
 
overhangs and other projections and obstructions.
 

In 	conclusion, the following are steps and decisions to make 
when
 

prospecting for potential collection areas:
 

1. 	Find true south
 
a. 	Compass method--Note: magnetic south is not true
 

south. Check and find out the correction for your
 
particular location.
 

b. 	Solar noon method--The sun 
is in a true south direction
 
at solar noon, which differs from clock noon because of
 
daylight savings and location within a time zone.
 

2. 	Orientation of surface
 
15 degrees east or west of south is acceptable.
 

3. 	Obstructions & Other Considerations
 
a. 	Zoning--Some local restrictions may apply especially
 

for room additions or greenhouses.
 

b. 	Aesthetics--The willingness to alter the appearance of
 
the building.
 

c. 	Working conditions--Any surface which 
has a slope 
steeper than 300 requires time-consuming safety
precautions. In addition, it is difficult to get
materials to high or inaccessible surfaces.
 

d. 	Existing roof materials--It is difficult to fasten
 
collectors to slate 
or tile roofs; wood and asphalt

shingle roofs present fewer problems.
 

4. 	Existing equipment
 
a. 	Note whether water heater runs on electric or gas.
 

b. 	Note the water supply pipe coming into the water
 
heater, since it may be interrupted.
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c. Note the type of fuel the heatinq system uses and how
 
the system functions. 

d. Some 
heating systems (floor furnaces, wall furnaces, 
and electric baseboard) deliver heat directly to the 
space. There is no way to tie a solar system into this
 
type of equipment.
 

e. If a central heating system exists, look for:
 
- forced air systems (supply and return ducts):


possibilities of installing additional equipment on
 
return side of furnace. 

- Water (hydronic) system: trace pipe runs and how
 
water is pumped in and around the building.
 

7.7.4 Possible Space Heat and DHW Retrofit Options
 

7.7.4.1 Integral Collector Storage DHW Units
 

The units are sometimes called batch or breadbox water heaters. 
Storage
 

and collector are combined into a single 
unit. They are usually
 
constructed of an insulated, glazed-top box around a storage tank with
 
the 
optional addition of reflectors 
to enhance energy collection. The
 
heater should be 
installed in a sunny, south-facing location beside the
 
building, as near as possible to 
the existing water heater. 
 The cold
 
water service 
to the existing heater is interrupted so that water is
 
rerouted through the batch unit. 
 Because of weight on the order 
-f 500
 
lb (226.8 xg) for a 50-gallon (189.2 liter) unit, batch units are suited
 
to ground-level installation. For 
other than ground level locations,
 
proper mounting and support must be available.
 

7.7.4.2 
 Flat Plate Water Heater
 

Fl.at plate DHW systems require a relatively small area, 30 to 100 ft2
 

(2.78 to 9.29 m ). Collectors are generally mounted flush on 
the roof,
 
although free-standing collectors be
can used on flat roofs. This
 
system uses 
a storage tank with a capacity of 1.5 to 3 gallons per
 
square foot (61.1 to 
122.2 1 per square meter) collector. An ideal
 
location for 
the storage tank is next to the existing water heater.
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The £>L plate DHW system does not requiLe a pump. A thermosiphoning 

system can be used if the storage tank can be placed above the 

co lector. Usually, the tank requires so much support that suitable 

elevated locations are rare. Another disadvantage of thermosiphon
 

systems is that larger piping (from 1-1/4 inches (3.18 cm) diameter)
 

between the collector and storage is needed.
 

7.7.4.3 Windows and Skylights
 

Windows and skylights can provide solar heat by direct gain if the
 

glazing is sloped and oriented toward south. Before installing
 

additional glazing area, it is important to check whether affected rooms
 

already overheat on sunny cold days. If this is the case, no additional
 

glazing area should be installed. If the affected rooms only overheat
 

during s:,mmer, more glazing area can be intalled if overhangs are
 

installed to keep out the summer sun.
 

It is possible to store some of the admitted solar energy if concrete or
 

water walls are positioned such that sunlight strikes between 9 a.m. and
 

3 p.m. Since a single pane of glass is a poor insulator, the windows
 

can lose more energy than they gain unless insulation is provided for
 

nights and cloudy periods.
 

7.7.4.4 Thermal Wall
 

One basic method for adding storage capacity is to build a heavy wall
 

behind south-facing glass. One basic disadvantage of this and other
 

massive wall systems it that most floors cannot withstand their weight.
 

If the existing floor is not strong enough, there are two alternatives.
 

The first is to add a room with large south-facing glazing area on a 

well reinforced slab on grade. A massive wall will then be built on 

this slab forming the wall between the new room and the rest of the 

building. A second choice is to knock out a portion of the south wall 

and build a concrete foundation wide enough to accommodate drums or 

culverts and glazing.
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Another version of the drum wall is a tube wall. 
A double glazed row of
 
6 to 12" (15.2 to 30.5 cm) diameter water-filled tubes are intalled over
 
a blank area of south wall. 
 In this design, the tubes 
act as both
 
collector and storage. 
 Heat is delivered to the buildings by blowing
 

air past the back of the tubes with a fan.
 

A third possibility is a Trombe wall, 
a double-glazed south wall built
 
with grout-filled concrete block, brick, 
stone, or solid concrete.
 
Vents are provided to facilitate natural ventilation. The wall's weight
 
requires an on grade foundation. For a wood-frame house, the south wall
 
would be knocked out and replaced or a system would be incorporated into
 

a room addition with south facing exposure.
 

7.7.4.5 Liquid-based Flat Plate Heating System
 

This 
type of system requires a central heating system; 
if one does not
 
exist, it has to be installed in order 
to use this system. A large
 
collector area is required to do a significant portion of the space heat
 
requirements. Collectors 
are mounted either 
flush or freestanding.
 
This type of solar system can essentially be viewed 
as a large solar
 
water heating system plus delivery system for transfer of 
energy from
 

storage to the load.
 

The delivery system can be connected into a forced air heating system by
 
installing a heating coil in the 
return air duct. 
 However, integrating
 
with a hydronic system is much simpler. 
A few plumbing connections are
 
all that is needed. Radiant floor slabs operate by pumping warm (80 to
 
110 0 F, 26.70 
to 43.3 0 C) water through pipes in the concrete floor. The
 
pipes then warm the concrete which in turn radiates energy into the
 
rooms. Baseboard convector systems transfer 
energy to the house by
 
pumping hot (120 to 1600F, 48.9" 
to 71.].°C) water through finned pipes
 
that run along the room perimeters. Because high temperatures are
 
difficult to achieve with a solar system, baseboard systems are 
not as
 
well suited to retrofitting as radiant slabs.
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8.1 

8. RESEARCH AND DEVEWLOENT THRUSTS
 

Active Space Heating
 

8.1.1 Overview 

Acti e solar technology applications in the United States are primarily
 

devoted to domestic water heating, pool heating, space heating, and
 

space cooling for residential and commercial buildings. In addition,
 

active technologies are used in agricultural applications (such as crop
 

drying) and low temperature industrial heat. 

Typical domestic hot water (DIW) solar systems consist of 2 to 4 collec

tors (3.7 to 7.4 m2 ). However, space heating systems can potentially be 

up to four times as large and will provide energy at a smaller rate, as 

excess energy is not utilized during the semer months (Exhibit 8-1 il

lustrates the size and comple::ity differences of these systems). Active
 

space heating systems are inoc economically competitive, even though they
 

are cnrmnercially available. The cost of copper absorbers and glass cov

ers alone prevent space heating to be competitive. Research, however,
 

is focusing on new low-cost materials for solar collectors to improve 

the cost competitiveness of active space heating.
 

8.1.2 Thin-Film Solar Collector
 

For several years, the United States Department of Energy (DOE) has 

funded research on thin-film polymeric flat plate collectors. These
 

lightweight, large-area collectors are predicted to cost significantly 

less than standard flat plates. In 1983 DOE awarded Burton Energy and
 

Solar Technology, Inc. (BEST) a contract to manufacture a version of
 

this collector for DHW applications.
 

R628/16.de 8-1
 

http:R628/16.de


ACTIVE SOLAR SYSTEMS
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The BEST collector has two sheets of highly specialized carbon-impreg

nated polymeric film for the absorber. BEST projects collector costs to
 

be approximately one-fourth that of conventional copper flat plates.
 

Also, since their weight is only 1/10th (10%) that of metal collectors,
 

installation costs will be reduced. Exhibit 8-2 is a schematic diagram
 

of a thin polymer fil , flat plate collector. 

The Solar Energy Research Institute (SERI), supported by DOE, has been 

involved in identifying improved polymeric materials for thin-film 

glazings. SERI has found that surface fluorination can improve trans

mittance of inexpensive polymers by approximately 5% and polyester
 

materials appear to have the greatest potential for glazing applica

tions.
 

Exhibit 8-3 summarizes recent solar collector product trends.
 

8.1.3 Thickness Insensitive Paint
 

In this case, the objective is to develop an inexpensive selective paint
 

that has optical properties comparable with more expensive coatings,
 

i.e. having absorptivity greater than 0.9 and emissivity less than 0.1.
 

This paint would then be applied to the absorber or storage materials.
 

Work done at Los Alamos National Laboratory has revealed that aluminum,
 

copper, and brass flake materials show potential for achieving these
 

properties. Although initial samples have only produced an absorptivity
 

of 0.83 and an emissivity of 0.33, results continue to be encouraging.
 

8.1.4 Packaged Residential Space Heat Systems
 

The incentive for developing advanced packaged residential space heating
 

systems is to reduce system cost and increase reliability. Utilization
 

of innovative materials, components, and system designs will reduce sys

tem cost, simplify installation and repair, and prolong system operating
 

life. Testing and evaluation of these innovative systems will supple

ment the solar industry's knowledge base, leading to the development of
 

cost-effective active solar space heating systems.
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THIN POLYMER FILM FLAT PLATE COLLECTOR
 

Polymer FilmGlazing I 

(Both Sides) Polror and Foil BNL COLLECTOR DESIGN CONCEPT 
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Sheet Metal 

Frame (one Piece) 
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Ausorbor/He.t 

Ex~changer 

High Temp Fiberglass insulation 

Rigid Polymer Foam Insulrtion 

Liquid Outlet ABSORBER COATING 

ABSORBER LAMINA-. 

LAMINATED ABSORBER
 

FLOW CHANNELS 
 POLYMER FILM 

BOND LOCATIONS 
EXHIB2 T 8-2 
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PRODUCT 


Refrigerant Charged Collectors
 

- these collectors passively transfer 
heat from the collector absorber to 

an Integrated or separate condenser/ 

heat exchanger. 


Thin-Film Plastic Collectors
 

- lightweight polymer film absorber 

and glazing construction to pro-

duce a low-cost, large area collector, 


Passive ICS Systems
 

- integrated collector and storage 
components rely on thermosyphoning 

for heat transfer and thermal inertia, 

and insulation for freezing protec-

tion. 


SAMPLE SPECIFiCATIONS 


Freon refrigerani, hermetically sealed 

collector, black chrome copper ahsorber, 

aluminum casing, tempered glass glazing,
 
copper tube in shell heat exchanger, R-l0
 
Insulation, 3'x8' panel.
 

Tedlar cover glazing, aluminized poly-

imide film absorber with semi-selective 

coating, galvanized steel frame, polyester 


backing, air and foam insulation, 60 sq. ft. 

panel.
 

6" O.D. stainless steel absorber/storage 

tubes, selective paint surface, low-iron 

glass cover glazing, teflon inner glazing, 

aluminum casing, R-12 insulation, 38 gallon
 
capacity, 19 sq. ft. panel.
 

EXHIBIT 8-3
 

Recent Collector Product Trends 
 (SAI-2)
 

8-5
 

MANUFACTURERS
 

Dell Solar, Ying Manu
facturing.
 

ACHE Solar Works and Bur
ton Energy Systeme expect
 
to begin production in
 

1984.
 

Gulf Thermal, Solar Ed
wards, Fafco, Servamatic,
 
Sun Systems.
 



8.2 

8.1.5 System Performance Monitoring
 

Solar system performance is monitored by the DOE supported National 
Solar Data Network (NSDS), Selected solar demonstration projects have
 
utilized instrumentation installed with a standardized set of sensors to
 
obtain high quality data. 
Under the program, monitoring instrumentation
 
has been installed at over 
170 solar sites, with a number of sites moni
tored for 3 years or more. During FY-1983, 12 active solar sites 
were
 
monitored by the NSDS. Performance monitoring has provided some impor
tant information for designing active solar systems. 
 For example, air
 
systems were found to perform as well better thanor liquid systems; 
system performance can be improved by keeping the ratio of collector 
area to load low; and good system performance is very dependent on pro
per installation and adjustment of the system.
 

Active Space Cooling
 

8.2.1 Overview
 

DOE supports the development of the following three solar space cooling
 
technologies: absorption, Rankine, and desiccant. 
Active space cooling
 
systems have the largest area and tend to provide less energy (on a per 
square meter basis) due to inherent inefficiencies of the systems. Ope
rating experience has proven that, in most U.S. applications, state-of
the-art solar cooling systems are too costly for commercialization. To
 
achieve signficant market penetration, cheaper collectors and systems
 
with higher performance characteristics are needed.
 

8.2.2 Advanced Regenerative Absorption Chillers
 

The Lawrence Berkeley Laboratory (LBL), of the University of California,
 
completed testing of an advanced double-effect regenerative air-cooled
 
absorption chiller in FY-1983. Tests on this machine have 
confirmed
 
flow stability in the regenerator and achievement of near-design per
formance 
(COP of 1.35 @ 137.8"C generator temperature). This success
 
enabled LBL 
to proceed with final design and experimental testing of a
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more advanced high efficiency single-effect regenerative absorption
 

chiller. This single-effect regenerative design has a predicted COP of
 

1.3 to 1.5. The higher COP's will reduce required collector area and 

therefore reduce the cost of the solar cooling system.
 

8.2.3 Integrated Stationar,, Evacuated Concentrator Collector
 

An advanced version of the compound parabolic concentrating collector 

(the integrated stationary evacuated concentrator) has been designed at 

the University of Chicago to operate continuously at temperatures of 

190.6°C or higher. This collector has achieved the best high-tempera

ture performance ever measured with a stationary collector. 

A recommended profile design, having a concentration ratio of 1.55 and 

an acceptance angle of +350, has been identified. Thermal and pumping 

losses have been reduced to acceptable levels, and two passive ap

proaches for ensuring stagnation (no liquid flow) survival have been 

identified. rhe integrated stationary evacuated conceptrator research 

will furnish a data base that industry can use to develop a high-tem

perature stationary collector for use in high-temperature solar cooling
 

ystems.
 

Exhibit 8-4 summarizes the status of absorption cooling systems and 

evacuated CPC collectors.
 

8.2.4 System Integration and Control
 

The Carrier Corporation's air-cooled 3-ton absorption chiller at
 

Colorado State University (CSU) Solar House I was successfully tested 

and demonstrated near-design performance. The Arkla Corporation's 

evaporative-cooled 3--ton absorption chiller was tested over a complete 

cooling season in CSU's Solar House III. 
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TECHNOLOGY STATUS - ABSORPTION COOLING
 

COMPONENT/SYSTEM CURRENT STATUS 5-YEAR GOALS 

EFFICIENCY 60% a 3000 F (LAB) 60X-70% a 300OF 
EVACUATED/CPC I 

COLLECTORS COST $25-$35/SQ. FT. $9-$12/SQ. FT. (PROJECTED) 

LIFE >10 YEARS >15 YEARS 

COEFFICIENT 
OF 0.6-1.2 1.5 

PERFORMANCE 

CHILLER COST $700-$1000/TON $1,000/TON 

(SINGLE EFFECT) (ADVANCED REGENERATIVE) 

LIFE >10 YEARS 15 YEARS 

COEFFICIENT 
OF 0.2-0.4 0.8-1.0 

PERFORMANCE 

SYSTEM COST $10,OOO-$12,OOO/TON $3,000-$5,000110N (PROJECTED) 

LIFE >i0 YEARS >15 YEARS 

EXHIBIT 8-4 

(DOE-3) 
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In FY-1984 and FY-1985, Drexel University has plans to characterize the
 

dynamic behavior of active solar systems, develop a simulation model to
 

match the dynamic behavior, and then validate the model using data 

obtained in experimental system test at CSU"3 Solar House III. This 

project will enhance the understanding of interactions between com

ponents of 
a solar system and how to best control components to achieve
 

maximum seasonal performance.
 

8.2.5 Rankine Cooling
 

Previous DOE research has developed Rankine chillers that operate at 

93°C for residential and commercial applications. In addition, high 
temperature Raikine (149"C) chillers .,,e been developed for commercial
 

use. At this time, these state-of-the-art solar Rankine cooling systems
 

are too costly for commercialization.
 

At the United Technologies Research Center (UTRC), laboratory tests were
 

completed on an 18-ton second generation turbocompressor heat pump
 
designated as the MOD-2; the unit under went endurance testing in 

Phoenix under the joint U.S./Saudi Arabia SOLERAS solar program. This 

pump provided 75% of the cooling load in the Hamilton Test Systems head

quarters. The performance target 0.7 with 149 0 Cof COP a generator 
temperature was achieved. This is 
a 15% improvement in performance over
 

the first generation MOD-1 unit.
 

A design using a hybrid Rankint steam cycle to drive a conventional 

vapor compression 
 chiiller was developed at the University of
 

Pennsylvania. In this design, steam feed water is preheated to 1000C by 

solar means and then superheated to 5990C by fossil fuel. 
Theoretically, the thermal efficiency of this hybrid steam Rankine cycle 

is more than double that of solar-powered organic fluid Rankine cycle 

operating at 930 C.
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8.2.6 Desiccant Cooling
 

The difficulties encountered in reaching cost-competitiveness in solar
 
absorption and Rankine systems have fostered increased interest in desi

ccant cooling. As with thu -ther systems, the cost of collectors re
presents a major portion of the total desiccant system cost. Hnwever, 

desiccants can be regenerated at lower temperatures than those required
 

for driving absorption and Rankine systems.
 

8.2.6.1 Solid Desiccant Systems
 

An analysis c' experimental data taken in the SERI Desiccant Cooling
 
Laboratory indicated that the adsorption and desorption properties of
 

silica gel are not fJ,e same. In FY-1983, the first experimental test on
 

the sorption hystere;,is behavior of silica gel were completed at SERI.
 

Adsorption and desorption properties at 250C and 40°C with air velocity
 
in the range cf 0.3 to 1.2 m/s and relative humidity in the range of
 

10-80%; were tested. These test results are being used to validate theo
retical models of heat and mass transfer in the desiccant particles.
 

Characterizing the sorption kinetics of desiccant materials may lead to
 

the developmenc of improved desiccant materials with associated improve

ments of 10-20% in the performance of desiccant cooling systems.
 

At Argonne National Laboratory (ANL), supported by DOE and operated by
 

the University of Chicago, it was discovered that water adsorbed into
 

magnanese dioxide exhibited week adsorbate/adsorbent interactions. Work
 
was begun to pursue the concept of incorporating manganese dioxide fi

bers into the structure of a silica gel body to aid water transport into
 

the interior of large silica gel particles.
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8.2.6.2 Liquid Desiccant Systreds
 

During FY-1983, Lockheed Mis.;iles and Space Co. evaluated the effective
ness of an open flow glazed soti- collector for cooling in hot and humid
 
climates. The glazing has the advantage of 
reducing the contamination
 
rate of the liquid desiccant. A computer model was developed and showed
 

favorable agreement between analytical results and experimental data.
 

At Arizona State University, an analytical model was developed for free
-convection controlled heat 
transfer and mass transfer in open-flow
 
liquid desiccant systems with inclined rough surfaces. It predicted
 
that. transfer coefficients for rough surface would be 50 to 80 percent
 

higher than those for smooth surfaces. A roof collector was experimen
tally tested and various roughness conditions for natural convection
 

heat transfer to inclined surfaces were studied. There is favorable
 
agreement between analytical results and experimental data.
 

At the University of South Carolina, experimental testing of liquid
 
desiccant systems in FY-1983 demonstrated that the open-cycle liquid
 

desiccant solar heat pump system is technically viable and environ
mentally acceptable. 
These tests have proven that many of the materials
 

used in the liquid desiccant system are corrosion resista1t.
 

8.2.6.3 Hybrid Desiccant Systems
 

Hybrid desiccant/vapor compression heating and cooling systems show
 
promise in competing with conventional designs. These systems will be
 

evaluated over a range of climatic conditions for comparison with exist
ing technologies. Some consider them to be the best near-term applica

tion of recently-developed active space cooling technology.
 

Exhibit 8-5 summarizes the technical status of desiccant cooling sys

tems.
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TECHNOLOGY STATUS - DESICCANT COOLING
 

COMPONENT/SYSTEM 
 CURRENT STATUS 
 5-YEAR GOALS
 

coEFFT r--

OF 0.6-1.0 1.3
 

SOLIDPERFORMANCE
SO L ID
 
DESICCANT 
 COST $1,200 - $1,800/TON $1,13O/TON (PROJECTED)
DEHUMIDIFIER 

4 LIFE >10 YEARS >10 YEARS 

OF 0.2-0.4 0.6PERFORMANCE
 

SYSTEM COST $3,500/TON (ESTIMATE) 
 $2,000/TON (PROJECTED)
 

LIFE >10 YEARS >10 YEARS
 

EXHIBIT 8-5 
(DOE-3)
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8.3 
 Passive and Hybrid Systems
 

8.[.i Overview
 

Passive buildings are considered by leading architects and engineers to
 
be 
a viable design approach. they tend to be accommodating to required
 
design variations and to be 
readily adaptable to varying local condi
tions.
 

In the United States, heating by passive techniques is most advanced in
 
single-family detached 
residential buildings. However, over the last
 
few years, advances in nonresidental applications have been made. 
 In
 
the past few years interest in cooling techniques has emerged as well as
 
interest 
in p.ssive designs to enhance interior daylighting.
 

One can estimate passive solar energy's potential contribution to build
ing design by considering only passive heating of single-family residen
tial buildings. This technology is widely accepted in all climatic 
re
gions. Current 
passive heating techniques can competitively supply
 
30-40% of the heating demand. Considering that four times the amount of
 
energy required to he-it 
a home actually strikes that structure in the
 
form of solar 
radiati,_ n, this estimated contribution can be considered
 

conservative.
 

8.3.2 Low-Conductance, High Transmittance Materials
 

The objectives of research in this field are:
 

1. New low-emissivity materials 
that will be applicable to nonsealed
 
windows.
 

2. High-clarity, high tLansmittance insulating materials.

3. Fenestration or the use of doors and windows 
in a building incor

porating evacuated air spaces.
 

Other objectives will seek 
to reduce convection, conduction, and radia
tion in lo,:-conductance aperture materials. 
 The long-term goals are to
 
produce durable gradient index films with optical properties approaching
 
0.1 emittance and 0.8 transmittance.
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Another concept being developed is the conveyance of light to building 
interiors through optical fibers using technologies already developed 

for electronic communications. Fluorescent concentrators will also be
 

investigated for the efficient collection of light from diffuse sources.
 

8.3.3 Thermal Storage Materials 

Problems of overheating and design practices that dictate the use of
 

light..e.ight buildinq materials have mandated that consideration be given 
to more effective thermal storage materials. The objective is to en

hance conventional materials through the development of new and improved 
latent and sensible heat storage materials.
 

The primary objective of this research is to develop thermal storage 

materials with melting points within the operating temperatures required 

for heating and cooling buildings. These properties would be high heat 

of fusion (at least 167.5 MJ/im3 ); high thermal conductivity; and neither 
toxic or conmustible properties when combined with conventional building 

materials. Cur,:ent research 'ncludes investigating candidate materials 

such as pentaglycerin, alkyl hydrocarbons, and other phase change ma

terials. 

8.3.4 Thermal Transport Concepts and Materials 

This research area seeks to double the performance of passive heating 

systems by employing more efficient means of transporting energy from
 

the collection surface or aperture to the building interior. It is in

tended to overcome present limitations which confine passive apertures
 

to southern orientations (in the northern hemisphere). The goal is for
 

the entire exterior surface of the building to be considered the pros

pective collecting surface.
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8.3.5 Systems Simulation and Analysis
 

This research activity addresses integrated residential systems studies,
 
energy analysis code development and validation, and nonresidential
 

building system studies. Passive heating system combinations will be
 
simulated with validated ,lumerical models to obtain performance data 
under a variety of conditions. This research is important because the 
widely used Solar Ratio calculation method (SLR) is a single-system 

design tool. As a result, it does not provide insight to combined sys

tem design and performance. This research and analysis will result in 
integrated systep!- dosiqn guidelines.
 

8.3.6 Daylighting Systems Research
 

Lighting accounts for approximately 25 percent of the energy used in 
nonresidential buildings. In addition, artificial light also contri

butes a substantial amount of unwanted heat to the building, increasing
 

cooling loads. As a result, cooling and lighting are interrelated tech

nologies; moderate reductions in either one can have substantial finan

cial benefit.
 

Research will now be extended to the evaluation of daylight system al
ternatives to ensure that designers may achieve maximum benefits for a
 
range of daylight system configurations, building requirements, and
 
climatic conditions. Particular emphasis will be placed on the day
lighting of the interiors of large nonresidential buildings. Emphasis
 

,vill bL placed on the development of aperture materials and systems for
 
projecting natural sunlight de :p into the building.
 

8.3.7 Heat Transfer Research
 

Heat transfer research in buildings focuses on three critical areas: 
surface convection effects, interzonal convection, and modeling.
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In the area of interzonal natural convection, the research emphasis will
 
begin to shift towards more complex room configurations, beginning with
 
two zones. 
 System studies will be performed using a major load analysis
 
computer code. These studies will that
ensure future resrarch on com
plex configurations of two or more zones addresses only realistic and 
representative passive solar designs. System studies will also deter
mine the sensitivity of building loads to state-of-the-art assumptions
 
regarding radiation and conduction, as well as natural convection heat
 

transfer.
 

8.3.8 Passive Cooling Research
 

Passive cooling systems research to date has focused upon an examination
 
of the potential of individual technologies (i.e. ventilation, evapora
tion, dehumidification, and radiation) and the use of architectural ele
ments to reduce cooling requirements.
 

Future research will begin to address systems integration and the devel
opment of engineering concepts for passive systems. 
 Lawrence Berkeley
 
Laboratory (LBL) will conduct research to determine the effectiveness of
 
hybrid ventilation cc:'Aing strategies for commercial buildings, which
 
are expected to be mnc; 
 common than strictly natural cooling approaches.
 
The research will result in estimtes of cooling energy use reductions 
and electric power requirements. Results will be compared to similar
 
analyses conducted at Los Alamos National Laboratory (LANL) for practi

cal evaporative cooling systems. 
 LBL will also investigate engineering
 

concepts for commercial building cooling systems. The research 
will
 

result in schematic designs, detailed simulations of performance, and 

engineering design. Ventilation strategies coupled with thermal storage
 

f.cr heat reoval will be emphasized because they are most likely beto 

applied.
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9.1 

9.0 SPECIAL CONDITIONS FOR SOLAR ENERGY SYSTEMS IN EGYPT
 

Geographic location and climate combine to make Egypt one of the more 
favorable settings in the world for the applIcation of sclar thermal 
energy. Situated in the Northern hemisphere between 230N and 310 N lat

itude and in the Sahara desert, the average annual solar energy inten
sity and daily duration of unblocked sunlight provide a very suitable 

climate for solar dejived heating and cooling. There are, however, 

counteracting conditions, such as dust and pollution, which inhibit
 

solar collection. Limiting factors 
such as these and other special
 

conditions must be included in an objective analysis of relevant
 

Egyptian environmental conditions.
 

Solar Insolation and Climatic Conditions
 

9.1.1 Insolation and Duration
 

Active and passive solar heating systems are both influenced by solar
 
radiation intensity and daily duration. Compared to the populated world
 

average, Egypt has a long and intense solar day. However, within the 
country, there exists a solar-day length gradient which provides the 
southern regions of Egypt with the best in-country locale for solar
 
energy utilization. There are over 3400 hours per year of solar avail

ability in the north and 3900 hours in the south. 
Exhibit 9-1 shows the
 

January solar day length (in hours) for the entire country using a con

tour map. The range of 6.4 hours in Alexandria to 9.1 hours in the 
scutherly positioned Kharga is typical of the day lengths for global lo

cations between these latitudes in January.
 

During the summer period, Egypt has days averaging 14 hours in length 
and the sunshine duration over the country extends to 12.2 hours (87 
percent of the possible duration). Exhibit 9-2 presents the variation
 

in the sunshine duration with season and latitude in Egypt. The solar
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SUNSHINE DURATICN AND SOLAR INSOLATION IN EGYPT 
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insolation varies from 420 cal/cm2-day in winter to 710 cal/ 
cm2 -day in
 

summer in Aswan or southern Egypt and it ranges 
from 260 cal/cm2 -day to
 
710 cal/cm2-day in northern Egypt.
 

Cairo has a January solar day of 7.8 hours and a 
January average daily
 
ins,)lation of 12.9 MJ/m (Bahteam, north Cairo data). 
 This contrasts
 
with Jacksonville, Florida, USA, at the same 
latitude, which has a
 
January average daily insolation of 10.2 MJi/ 2
 . This represents 26%
 
greater insolation for Cairo 
over another insolatitudinal city. The
 
disctepancy is explained by 
climatic differences between 
the two loca

tions. Jacksonville has 
a cloudy and humid climate which produces
 
hiqh, r atmospheric solar absorption and 
reflection and a corresponding
 

lower insolation.
 

Exhibit 9-3 is a 
table of total daily solar rddition for Bahteam, Cairo
 

HQ, and Giza.
 

9.1.2 
 Climatic Conditions
 

Climatic conditions in Egypt are characterized by a desert type environ
ment. Rainfall is scarce 
and the relative humidity is low. Summer
 

temperatures are consistently high and winter 
temperatures are 
very
 
mild. The seasons are not pronounced in Egypt. Spring and fall are
 
almost nonexistent and the year 
can be best described as a long and hot
 

summer getting milder during the winter.
 

The climate in Egypt exhibits several regional 
variations. 
 The main
 

pattern is the important influence of 
the Mediterranean Sea on 
the nor
thern delta area. 
 For example, the Alexandria area receives almost 200
 
mm of 
rain per year compared to 20 mm per year 
in Cairo and 1.4 mm per
 
year in Aswan. Humidity is also higher on the coast 
and progressively
 

decreases further south.
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EXHIBIT 9-3 

DAILY TOTAL HORIZONTAL SOLAR RADIATION 

MJ/m 2 /day 

MONTH BAHTEAM CAIRO HQ GIZA 

JAN 12.48 11.85 12.31 

FEB 16.20 15.53 15.78 

MAR 19.85 19.26 20.77 

APR 23.91 23.28 24.16 

MAY 27.05 26.29 26.84 

JUN 28.84 28.14 28.56 

JUL 28.30 27.26 28.39 

AUG 26.21 25.33 25.96 

SEP 22.69 22.07 22.57 

OCT 1.8.93 18.09 17.37 

NOV 13.85 13.28 13.40 

DEC 11.64 11.27 11.27 

ANNUAL 20.86 20.15 20.64 
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Exhibit 9-4 presents temperature, rainfall, and humidity data for Aswan,
 

Cairo, and Alexandria. The data indicates a progression in average
 

temperatures as locations progress inland, with Ps.'an exhibiting almost
 

no winter heating need and havilig a very high temperature profile in the
 

summer. On the coast the sea moderates these extremes.
 

9.1.3 Dust and Pollution
 

Solar energy utilization by active and passive systems is severely hin
dered by atmospheric dust and pollution. Solar collection efficiencies
 

are adversely affected in such environments because:
 

1) For both active and passive systems, incoming radiation is both 
reflected and absorbed in the atmosphere, thereby reducing the total 
solar energy available for collection. 

2) For active systems, rollection plates become dirty. This results in 
further reduction in radiation availability via screening of the 
collection tubes. 

In general, Egypt experiences quite dusty periods each year, normally in
 

April and May. This is compounded in large metropolitan areas by the
 

daily pollution levels. The pollution effects can be seen by con-


Lrasting the insolation of two locations of the same latitude and
 

general proximity but of differeni- pollution indexes. Katamiya, or
 

south Cairo, has a May average daily insolation of 28.5 MJ/m2 . This
 

contrasts with the Cairo Center solar radiation of 25.5 MJ/m2 for the
 

same period. The 12% difference is directly attributable to the higher
 

dust and pollution levels near the city center. Comparison of data such
 

as these is imperative during the analysis, selection, and sizing of
 

solar collector technologies.
 

Exhibit 9-5 summarizes the annual frequency of weather phenomena in the
 

selection of stations in Egypt.
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EXHIBIT 9. 4 C..'MTIC C&MITIONS FOR CAIRO, ALEX RIA A 

DESCRIPTION INilS JA -9 MAR rR MR( JUN JJL ACE SEPT OCT NV DEC TOTAL. 

CAIRO 

PO(71-LY M. TF. , deg C 1 13.2 1 , 4 . 20.2 24.2 26.7 c8.2 27.8 25.4 23.4 19.2 14.8 
M. YEAR TEYP, deg C 1 21.2 21.2 21.2 21.2 21.2 21.2 ?1.2 21.2 21.2 21.2 21.2 21.2 

REJTIE RUL1[I7y 1 76.0 73.0 Q..0 5 .0 52.0 55.U 61.) 67.0 67.0 70.0 75.0 78.0 66.0 
S IF LL M 5.3 4.7 0,9 0.3 1.1 0.0 0.0 0.0 0.0 0.3 2,0 5.6 20.2 

MODT1LY MV. YE-W, deg C 1 13.5 14.0 15.6 18.3 21.4 24 2 26.1 26.7 25.3 22.8 19.3 152 
VG. YEk TDC, deg C 1 20.2 il3.2 20.2 20.2 20.2 20.2 20.2 20.2 20.2 20.2 N.2 20.2 

RELATIVE I.IMIDTY % I / 0 70.0 67.0 68.0 70.0 72.0 73.0 73.0 69.0 68.0 72.0 74.0 70.0 
RINFALL m 1 8.3 28.4 14,0 2.7 1.5 0.0 0.0 0.5 0.4 7.9 32.2 36.7 192.1 

O,NTHLY VG. YE , deq C I 16.8 18.f 22.4 27.2 31.9 33.6 34.0 34.2 32.0 29.6 24.0 19.8 
AVG. tEIR TE. ueg C 1 27.0 27. 27.0 27.0 27.0 27.0 27.0 27.0 27.0 27.0 27.0 27.0 

RELA TIVE HlM DI I 35.0 27.0 21.0 17.0 15.0 15.0 18.0 20.0 22o0 26.0 33.0 39.0 24.0 
RAINFLL. 0.1 0.0 0.1 0.3 0.6 0.0 0.0 0.0 0.0 0.2 0.1 0.0 1.4 
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ANNUAL F.E')UENCY OF WEATHER PHENOHENA IN A SELECTION OF KET. STATIONS IN EGYPT 

STATIONS FOG MIST DUST OR 

& "-TsI NC 
DUST OR 

15--ToRH 
TOTAL 

xI1. 
Herma-Herruh 7.4 4.5 12.7 7.2 31.8 

Alexandria 20.1 21.5 7.9 2.4 51 9 

Port-Said 1.8 2.9 4 6 2.0 11.3 

Cairo 19.7 25.1 11.1 3.2 59 1 

Almaza 16.2 15.9 9.0 3.7 44 8 

Hlny, 5.1 7.6 3.4 0.9 17 0 

Aaalut 2.0 3.4 5.0 2.0 12 4 
Luxur 0.1 2.0 2.7 1.5 6.3 

hIurghada 0.1 1.7 4.5 1.8 8.1 

EXHIBIT 9-5 . 
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9.2 Active Systems
 

Egypt's climate is ideal for the operation of active solar systems. Not
 

only does Egypt exhibit one of the highest amounts of solar hours per
 

year of any site on earth, it also has a very low proportion of diffuse
 

radiation versus direct radiation. Such conditions make the use of
 

concentrating solar technologies very attractive.
 

Generally, most systems used for domestic space and water heating are
 

based on flat plate technologies. In the case of active cooling tech

nologies the requirement for higher operating fluid temperatures trans

lates into the need for concentrating solar collectors. Thus, Egyptian
 

solar insolation patterns are pr:omising for active solar cooling.
 

Cooling accomplished via active solar technology is governed by essen

tially the same environmental factors which influence active heating
 

systems. Active solar cooling utilizes a high vapor pressure refrige

rant and its corresponding low heat of vaporization to extract heat from
 

the warm space. The efficiency and performance of such technology is
 

enhanced by long and intensive solar days and hindered by dust, pollu

tion and other conditions that typically prevent solar heat from being
 

optimally collected. Active chillers are additionally hindered by ad

verse environmental conditions in that, should the solar collection
 

efficiency drop to a level such that the working fluid or refrigerant
 

cannot boil, the chilleL will cease functioning.
 

The location of active solar collectors is critical for optimum opera

tion of the system. Exhibit 9-6 shows the variation in solar energy
 

collected daily on surfaces facing south in Cairo with inclinations
 

ranging from 00 to 700. If the collector is horizontal (00 ) the solar
 

collection is minimal during winter and very high in the summer (when
 

the sun's rays are almost perpendicular to the surface). If the angle
 

is increased above the latitude, the solar collection improves during
 

the winter but drops significantly in the summe.. For Egypt, an incli

nation angle of 40 is optimal in order to balance out solar collection
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9.3 

over the year. Any smaller angle will increase collection during the
 
summer and any larger angle up to about 600 will increase collection in
 

winter.
 

The panel tilt angle for the collection system will need to be chosen
 
depending on the nature of the appilcation, i.e., whether it is a r:ool
ing or heating system and, more important, the months during which the
 

peak demand occurs.
 

Exhibit 9-7 presents a graphical representation of the amount of solar
 

collection by a flat plate under various configurations. Clearly, a
 

system which tracks the sun biixially will collect much more energy than
 

either a fixed horizontal plate or a south-facing surface tilted by an
 

angle equal to the latitute. The choice of the solar collection system
 

will need to be based on the economic evaluation of the tradeoffs
 

between inci.eased system collection efficiency and the additional cost.
 

Passive Systems
 

There are a 
variety of methods which can be utilized to accomplish pas

sive solar cooling. Shading is the most important and should be the
 

first to be deployed to accomplish passive cooling. Natural shading,
 

such as that derived from vegetation, is potentially available in Egypt,
 

although for most metropolitan areas the existing city plans would
 

require renovation to accommodate trees. A majority of the rural areas
 

(e.g. small village) do employ vegetative shading. Artificial shading
 

such as 
shutters, screers, and window glazing are easily implemented and
 

are Lelatively inexpensive. Most Egpytian dwellings already employ
 

these items.
 

The Egyptian climate offers hot, dry days followed by cool, drN nights.
 

The constant low humidity and minimal cloud 
cover provide an excellent
 

environment for niqht radiative cooling. 
 Thus those architectures which
 

encourage thermal, i.e. indirect gain, perform very well in the Egyptian
 

ambient: heat storage during the day via 
thick insulated barriers,
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EXHIBIT 9.7
 

Comparison of Solar Energy Collection in Cairo
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followed by heat release to the outdoors at night. Just as the sun 

disperses its heat through radiation, a building can radiate signficant
 

amounts of heat through radiation, a building can radiate significant 

amounts of heat if correctly designed. The phenomena of night sky radi

ation has br-3n exploited since the time of the ancient Persians, who 
made ice by exposing thin pools of water to the night sky even though 
ambient temperatures exceeded 00C. In dry climates, pure radiative
 

cooling can attain significant levels--up to 70 W/m at 6 degrees below 
ambient temperature. The traditional Islamic courtyard is cooled by
 
nighttime radiation of the yard floor and this cooler air is then
 

trapped by the courtyard shape and lasts well into the following day.
 

The alternative thermal kmass type concepts such as the traditional thick
 
walled Egyptian architecture (e.g. those of Hassan Fathi) perform as 
good as, or better than, the water-based designs. However, these de

signs aLe [L single story, low density population buildings. Crowded,
 

multiple story dwellings present a more difficult passive cooling sce
nario. Without major metropolitan renovation, other means will be 
needed to effect cooling. Currently the Egyptian government is pro

rooting new and future building developments to employ appropriate pas

sive cooling and heating designs.
 

Specific passive solar cooling techniques are presented in Exhibit 9-8.
 

All of the cooling strategies listed are applicable to conditions in
 
Egypt except for dehumidification, which is more appropriate for comfort
 

improvement in more humid climates.
 

Shading and other methods of reducing solar gain are particularly appro

priate for Egypt's sunny climate. The use of overhangs, louvers, 

shades, and reflective paints can shield a building from excessive solar 

radiation. The placement of windows and the orientation and shape of a 

building can also be optimized to minimize the absorption of solar radi

ation on and within a structure. Trees and trellissed vegetation can 
provide shading with the added cooling benefit of leaf evapotranspira

tion.
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-----------------------------------------------------------------------------------------------------

Passive Solar C>ollng Techniques
 

Strategies 
 Techniques 
 Application
 

Minimize conductive heat flow 


Delay periodic heat flow 


Promote ventilation 


Minimize solar gain. 


Promote radiant cooling 


Promote evaporative cooling 


Insulation 


Increase thermal mass 


Earth-sheltering 


Stack effect 


Cross-ventilation 

Fans 


Shading 


Building orientation
 
BuIldIng shape
 

Exposed emissive 


surfaces 


Roof ponds 


Moistened roof surfaces 

Trees and ventilation
 

Buildings that achieve lower 
Indoor than outdoor
 
temperatures through oiler means.
 

Where nighttime temperatures are significantly
 
lower than daytime temperatures.

Particularly suited to locations with large
 
seasonal variations In temperature.
 

Where heated air can rise and exit through a
 

ceiling opening.

Requires existing moderate wind conditions.
 
Absence of adequat3 wind-driven ventilation.
 

Trees, louvres, and Indoor blinds are a few of the
 
options.
 

Particularly suited to dry climates with clear
 
nighttime conditions.
 

Lack of water in arld areas can be a major
 
constraint.
 

Dehumidification 
 Ventliction
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9.4 

Insulation can also be a very economical means of moderating indoor
 

temperatures. Insulation reduces the transfer of heat absorbed by the
 

walls and roof from incident sunshine and warm outside air into the 
interior of wcrk or living space. Traditional insulation materials such
 

as dried paint matter and synthetic insulation materials such as fiber

qlass can be used in structures ranging from village dwellings to modern
 

high rise buildings.
 

Other Requirements 

In addition to solar radiation, there are requirements for basic con
struction matecials. Materials such as steel, concrete, glass, and
 

aluminum are all manufactured in Egypt. The requirement for these 
materials is substantial since the utilization of solar energy resources 
requires considerable surface area wfth 2ollection surfaces capable of 
withstanding severe environmental conditions. 

Support structures, towers, and storage tan.s are required in a func

tional passive solar design. These are similar in construction to con
ventional equipment. These systems require various skill levels in 
metal forming, weldinq, plumbing, mechanical asse bly, site preparaLion, 
concrete pouring and other labor skills conmon to a range of conven
tional systems. These skill levels are readily available in Egypt. 
However, special training may be required for many aspects of design, 

manufacture, installation, operation, and maintenance.
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ACTIVE AND PASSIVE SOLAR VISIT BOOK
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TECHNOLOGY AREA: DHW Active Drain-down System 

PROJECT TITLE: LA Quinta Motor Inns, Inc.
 

LOCATION: Mobile, Alabama, USA
 

DESCRIPTION:
 

This system is designed so that when the water circulation pump stops,
 
the collector fluid drains ofout the system and down into the protec
tion of an enclosed space. 
 The hybrid version utilized is a drain-down
 
with a heat exchanger. By using this heat exchanger, the buildup of
 
minerals in the 
solar collector is eliminated. A certain amount of
 
water is used1 on the solar loop of the system. As this water level 
drops, makeup water is introduced into the system. 
The amount of water
 
introduced is extremely minor in comparison to the minerals which would
 
be ccnstantly introduced by a direct link between the storage vessel and
 

the solar collectors.
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SPECIFICATIONS:
 

Active System Components:
 

2 
186 m Revere Copper & Brass, Inc., liquid flat-plate collec

tors
 

6 m3 underground steel water tank
 

Electric boiler for auxiliary
 

PERFORMANCE:
 

67% of DHW requirements
 

CONTRACT: Travis-Braun & Associates, Inc.
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TECHNOL)GY AREA: Active absorptive heating and cooling system
 

PROJECT TIT1E: Radian Corporation
 

LOCATION: Austin, Texas, USA
 

DESCRIPTION:
 

This demonstration project consists of heating and cooling three offices 
in a new building. A 3-ton solar system is set up in parallel with a 
3-ton conventicnal gas unit. This system utilizes gas fired and elec

tric auxiliary systems.
 

SPECIFICATIONS:
 
2
Floor Area: 79 m (conditioned space)
 

Active System Components:
 

ARKLA 3-ton absorptive heating and cooling unit
 
32.5 m2 rorthrup, Inc., linear concentrating and tracking 

Fresnel lens
 
3
6 m fibeglass above ground water storage tank
 

PERFORMANCE:
 

85% of the heating load and 75% of the cooling load
 

CONTACT: Radian Corporation 
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TECHNOLOGY AREA: Evacuated Tube DHW System 

PROJECT TITLE: 
 Rodeway Inns of America & R. V. Development Company 

LOCATION: 
 Phoenix, Arizona, USA
 

DESCRIPTION:
 

The commercial building in this prcject is a low rise motel. The collectors for 
the system are located on 
the roof of the motel. The energy

collected is transferred uo a double bundle heat exchanger via a collec
tor loop circulating pump. The energy is then transferred to a storage
tank. The double bundle heat exchanger eliminates the danger of ethNlene glycol leakage from the solar loop into the storage tank. 
An elec
tric boiler pLovides auxiliary heat. 

SPECIFICATIONS:
 

Active System Components:
 

232 m 
General Electric Company evacuated tubular collectors
 
11.4 in insulated steel water tank as storege
 

PERFORMANCE:
 

59.5% of Dim requirements
 

CONTACT: 
 Charter Builders, Inc.
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TECHNOLAGY AREA: Absorption Cooling and Water Space Heating System
 

PROJECT TITLE: Scottsdale County Cour~thouse
 

0OCATION: Scottsdale, Arizona, USA
 

DESCMIPTION:
 

The building is 
a one-story county courthouse with stucco/block walls
 
and insulated steel roof. The ;ollectors are mounted on the flat roof
 
at a very slight tilt angle and track the 
sun from east to west. The 
collectors supiply hot water (104°C) to the 25-ton absorption chiller for 
cooling, to "he hot water heatinq system (820C), or to the thermal stor
age tank. Cont].os discLi:ininate between heating and cooling and between 
the solar oL auxiliary system. The solar system is expected to save 
$5000-$6000 annually, which represents 60% of the annual energy needed 
fur both heating and cooling. Electric strip heat provides the auxili

ary heat required.
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SPECIFICATIONS: 

Active System Components:
 

251 m2 concentrating collectors
 
3
26.5 m steel underground water tank for storage
 

PERFORMANCE:
 

100% of the heating load and 60% of the cooling load
 

CONTACr: Sullivan & Masson, Inc. 
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TECHNOLOGY AREA: Hybrid Space Heating and DHW System
 

PROJECT TITLE: 
 Tempe Union High School District 213
 

LCATION: Tempe, Arizona, USA
 

DESCRIPTION:
 

The Corona Del Sol High School has for
a solar system that provides 

space heating and DHW needs. 
Southwest Standard liquid flat-plate roof
top collectors face soutn at an angle of 320 .
 

Additional 
passive designs include earth berming at perimeter walls,
 
concentration of building nmass, 
extensive use of insulation throughout 
the building, and use of natural landscaping surrounding the perimeter 
and interior coui-t. of the facility. Heated water from the buried stor
age tank will he pumped into heat exchangers transferring the energy to 
a four-pipe heating/cooling system with air handlers. The building has 
an electric auxiliary energy source. 
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SPECIFICATIONS:
 

Active System Components:
 

1858 Mi2 Southwest Standard liquid flat-plate collectors 

178 M3 insulated partially buried steel water tank for storage 

Additional measures:
 

Earth berming at pe:imeter walls, concentration of building
 

mass.
 

PERFORMANCE:
 

83% of the heating load and 90% of DHW requirements
 

CTVTACT: Mardian Construction Company
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TECHNOLOGY AREA: Active Space Heating, Cooling, and DHW System
 

PROJECT TITLE: Brandon Swimming Association
 

LOCATION: Brandon, Flordia, USA
 

DESCRIPTION:
 

The building is a sports/medical center. The solar design incorporates
 

solar collectors which provide hot water for space heating, domestic hot
 

water, pool heating, and a solar air conditioning unit. Potable water
 

is used in the space heating and space cooling systems. If there is no
 

denand for either space heating or hot water, the solar-heated water is
 

used for s.~imming pool heating. In the low range of insolation, the 

collectors are used for poui heating only. 

The collectors are tube--in-strip modular solar collectors installed on 

the 280 south-facing slope of the gymnasium roof. An electric boiler is 

used for auxiliary heat. 
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SPECIFICATIONS:
 

Active System Components:
 

492 m' Revere Copper & B.ass Inc., liquid flat-plate collectors
 
ARKLA-Servel, Solarie-300, 25 
ton air conditioning unit
 
21 m' hot water storage and 34 M3 chilled water storage (both
 
above ground)
 

PERFORMANCE:
 

90.5% of the heating load and 89% 
of DHW requirements, and 59% of
 
the cooling load.
 

CONTACT: Independent Living, Inc.
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TEC1HNOLWGY ARFA: Active Space Heating, Cooling, and DHW System 

PROJECT TITLE: San Diego Unified School District 

LOCATION: San Diego, California, USA
 

DESCRIPTION: 

The building is a 17187 M2 high school of which 3716 m2 will be. space 
cc,oled. The solar collector field will be located on a south-facing 
hill which forms a backdrop for the four one-story buildings. For maxi
mum utilization of solar energy, this design calls for a central heating 
and coolinc plant adjacent to the collection field. An enthalpy-con

trolled ecilfizer cycle will be used in each building. Air handling 
units with vailable volume air valves will condition each space. A time 
clock system ensures that the huildings will not be heated or cooled 
when not occupied. A c _-half to one-hour morning preheat cycle closes 
off the outside air make-up and recriculates 100%. The return air 

passes through lighting units which lessens heat gain from the fixtures. 
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SPECIFICATIONS:
 

2 2 2Floor Area: 17187 m , 3716 m will be cooled
 

Active System Components:
 

2
1364/216 1n respectively of parabolic/concentrating collectors. 

Manufactured by Solartec Corporation/Northrup, Inc. 

m3
379 underground steel water tanks for storage 

Convertible gas and oil fired boilers and electric back up air
 

conditioning are auxiliary units.
 

PERFORMANCE:
 

90.5%of the heating load and 89% of DHW requirements, and 59% of 

the cooling load. 

CONTACT: Hugh Carter Engineering 
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TECHNOLOGY AREA: Active Space Heating, Cooling, and DHW System
 

PROJECT TITLE: Reedy Creek Utilities Co., Inc. (Walt Disney World)
 

LOCATION: Lake Buena Vista, Florida, USA
 

DESCRIPTION:
 

The building is an office; sixteen modular solar collectors are joined 

together along the ridge lines to form the insulated roof. The longi

tudinal axes of the reflective suface run in a east-west direction. The 

solar roof replaces the usual trusses, corrugated decking, and insulated 

concrete roof. 

Each collector is a AAI Corporation solar concentrator that consists of 

a concave cylindrical reflective surface and an absorber. The collec

tors use water as a heat transfer medium and are linear tracking, An 

absorption chiller provides space cooling.
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SPECIFICATIONS:
 

2Floor area: 595 m of conditioned space 

Active SVstem Conponents:
 

2
353 m AAI Corporation linear tracking solar concentrators
 

3 
 338 m hot water storage and 38 m chilled water storage (both 

above ground) 

PERFORMANCE:
 

991 of the heating load and 100% of DHW requirements, and 80% of 

the cooling load.
 

CONTACT: Buena Vista Construction Company
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TECHNOLOGY AREA: Active Space Cooling, and DHW System
 

PROJECT TITLE: Dade County 

LOCATION: CoLal Gables, Florida, USA 

DESCRIPTION: 

The building is a twc--story elementary school which will utilize solar 
energy from roof-mounted flat-plate collectors and three storage tanks. 
These tanks are buried in earth berms adjacent to the first floor 
perimeter walls. The berms have a 20% gradient and are sodded. Space 
cooling is accomplished from four 25-ton ARKLA chillers operated in 
unison or from a 125-ton centrifugal chiller. 

R629/14 .de A-23
 



SPECIFICATIONS:
 

Floor area: 6503 m2 conditioned space
 

Active System Components:
 

1858 m" PPG Industries, Inc. liquid flat-plate collector 
e
277 m water storge (underground)
 

AR<KLA 25-ton chiller unit and 125-ton centrifugal chiller. 

Additional Measures:
 

Eatth berms, minimal fenestration, and a 3.3 m-/sec desiccant 

wheel.
 

PERFORMANCE:
 

90% of D15-7 requirements arid 70% of the cooling load. 

ONTACr': School Board of Dade County, Florida 
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TECHNOLOGY AREA: Active space cooling and heating system 

PROJECT TILE: Florida Solar Energy Center 

LOCATION: Capc Catiaveral, Florida, USA
 

DESCRII'ION:
 

The building is an office of a single-story concrete block construction
 

on a concrete slab and having a flat roof of built-up tar and gravel 

composition. The roof has 1.8 m overhangs on the east, west, and south
 

sides.
 

The space heating system is operated witn evacuated tubular collectors.
 

For air conditioning applications, stored heat drives a lithium bromide

water absorptior chiller. Hot water storage will be placed between the
 

collectors and the absorption chiller and the heating coil, and there 

will be chilled water Etorage between the chiller and the cooling coil.
 

The entire solar system is backed up by the existing HVAC system.
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SPECIFICATIONS:
 
2 2Floor area: 1486 m of heated space and 483 m of air conditioned
 

space.
 

Active System Components:
 

2
165 m General Electric Company evacuated glass tubular collec

tors
 

11 M3 hot water storage and 23 mn chilled (both above ground)
 

Auxiliary includes an oil-fired boiler, and vapor compression 

A/C.
 

CONTACTS: Florida Solar Energy Center
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TECHNOLOGY AREA: DHW System
 

PROJECT TITLE: Days Inn of America, Inc.
 

LOCATION: Clermont, Florida, USA
 

DESCRIPTION: 

This solar system is designed to collect 90% of the total hot water 

requirements for one 24-hour day during c ie complete solar-day. The 

solar loop is a closed loop system, utilizing an antifreeze Golution, 

with rust inhibitors, for the heat transfer fluid. Potable water will 

be heated by the transfer fluid via a heat exchanger Circulation pres
sure developed by a thermo-mainwater syphon will force the solar-heated 

potable water into the building system through the building's hot water
 

system.
 

SPECIFICATIONS:
 

Active System Components:
 

750 m' cf Energy Systems, Inc., liquid flat-plate collectors
 
3
55 m of glass-ceramic lined above ground water tank for stor

age
 

Electric hot water heaters for auxiliary
 

PERFORMANCE:
 

90% of DHW requirement 

CONTACT: Solar Engineering and Equipment Company
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TECHNOLA Y AREA: The rmoponds 

PROJECr TITLE: Lloyd A. Bell/American Ornamental Metal Company
 

LOCATION: Austin, Texas, USA
 

DESCRIPI'ION: 

The building is for a combination factory/office which has tilt-up,
 
load-bearing concrete walls with polystyrene exterior 
insulation. The
 
capacitance of the concrete 
is varied to obtain different thermal time
 
lags for unlike exposure to tLansient chermal flow.
 

Sun screens on south-facing windows decrease summer heat gain while 
allowing winter heat gain. The installation has 30 cm-deep thermoponds
 

which provide 265 m3 of water storage over the roof deck. This is sup
ported by bar joists spaced approximately 1.2 m apart on centers. Plas

tic films are used as a black liner over the roofdeck for transparent 
the rmopond covers.
 

During summer months, moveable insulation panels are closed during the
 
day with comfort conditions resulting from radiation of body heat to the
 
750 ce .ing. At night, the panels are opened and the interior heat is
 

reradiated to the night sky. 
 During the summer humid period, indirect 
evaporative cooling will be obtained by flooding the thermoponds. An 
air cell is used over the bags to maximize heat collection in cooler 

months. 
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SPECIFICTIONS:
 

2Floor Area: 1068 M2 
2
Area of Collection Medium: 818 m of thermoponds
 

Capacity of System: 265 ml of water
 

Heat pump for auxiliary
 

PERFORMANCE:
 

100% of the heating load and 90% of the cooling load.
 

CONTACr: American Ornamental Metal Company 
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TECHNOLOGY AREA: Passive direct gain and greenhouse
 

PROJECT TITLE: H. E. Crane, owner
 

LOCATION: Flagstaff, Arizona, USA
 

DESCRIPTION:
 

This residential building lies on an east/west axis. The north and west 

walls of this earth-sheltered home are built of block; east and south 

walls are of frame construction. Direct gain provides most of the re

quired heat; 11 m of windows ccver the south-facing side of the wing. 

The concrete floor and block wall of the 1.5m-wi.de corridor store heat. 

There is a greenhouse adjacent. to the living room. The greenhouse floor 

heats up as it absorts sunlight striking 14 m2 of windows. Four 0.2 m3 

water-filled drums in the rear of the greenhouse also store energy. The 

greenhouse can heat the rest of the room when the French doors between 

them are open. A wood stove and gas furnace provide auxiliary heat.
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SPECI FICATIONS:
 

Construction: Wood frame and masonry, slab on grade
 
Floor Area: Total: 226 m 2 

; Heated: 215 m 2
 

Solar Aperture: 24 m 2
 

Aperture/Floor Area Ratio: 0.11
 

Primary Thermal Mass: Filled concrete block
 

PERFORMANCE:
 

Reported Average Indoor Temperature: 200C
 

1979-80 Total Nonsolar Enegy Consumed per Square Meter:

S 2

" 1kJ.m31.7*10 

Calculated Net Heat Loss Coefficent: 299 W/ C 
Estimated Infiltration Rate: 2/3 air changes/hr 

CONIACT: H. E. Crane and Herb Wade 
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TECHNOLOGY AREA: 
 Passive direct gain and thermosiphon solar collector
 

PROJECT TI'ITLE: Don Booth, Community Builders 

LOCATION: Canterbury, New Hampshire, USA 

DESCR_ PTION: 

Two passive systems provide heat for this building. The main system is
 
the direct gain system 
on the first floor. Collection is accomplished
 
via 15 m double-glazed patio doo-s spanning the south wall. A floor 
and interio, wall, both concrete, serve as thermal mass. A vent in the 
floor of the tamily room allows heat to rise to the second floor. Move
able insulation is placed on all docr,; at night to reduce losses. 

-
The secondary syste!1, ;. a thermo,!_.ihon air panel on the lower gambrel 
roof. This system povides heat to the second tloor during the day.
 
The sun strikes the collector and heats the air, which then rises to the
 
top of the collector and back into the building. A wood stove and small
 
electric heater function as auxiliary energy sources.
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SPECIFICATIONS:
 

Construction: Wood frame, slab on grade
 

Floor Area: Total: 152 m2 ; Heated: 152 m2
 

Solar Aperture: 21 m
 

Aperture/Floor Area Ratio: 0.14
 

Prinmary 'herIral Mass: Concrete slab and first floor walls 

PERFORMANCE:
 

Reporte6 Minimun Indoor Temperature: 150C 

1981. Total Nonsolar Energy Consumed per Square Meter: 29.1*104 kJ/m 2 

Calculated Net. Reat Loss Coefficient: 181 W/C
 
Estimated InfiltvaLior Rate: 2/3 air changes/hr
 

CONTACT: 	 Don Booth Community Builders
 

Canterbury, New Hampshire
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TECHNOLOGY AREA: Passive sunspace with rock storage
 

PROJECT TITLE: Weather Energy Systems
 

LOCATION: Falmouth, Massachusetts, USA
 

DESCRIPTION:
 

This building is an old two-story inn converted into a private resi

dence. During the winter, all but one wing is shut off; this wing is 

used for living quarters for the residents. A sunspace has been added 
2
to this wing. Sunlight enters through 17 m of double-pane windows and
 

then strikes black roller shades that cover the back wall. The heated
 

to a 5-M3
 sunspace air is then blown directly into the living areas or 


bin containing 4536 kg of crushed rock for heat storage. When the in

door tempeature drops, fans direct the heat stored in the rock bed back
 

into the living areas. A wood stove supplements the heat. An advantage
 
2
of this design is that is adds 23 m of living space.
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SPECIFICATIONS:
 

Construction: Wood frame, house has basement, sunspace has crawl 

space.
 
Floor Area: 2 2
Total: 313 M ; Heated: 116 m
 

Solar Aperture: 21 m 2
 

Aperture/Floor Area Ratio: 0.18 (based on winter floor area)
 

Primary Thermal Mass: Rock bed
 

PERFORMANCE:
 

Reported Average In.oor Temperature: 18"C
 

Estimated Infiltration Rate: 1-1/4 air chnnges/hr
 

CONTACT: 
Weather Energy Systems, Pocasset, Massachusetts
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TECHMIILOoY AREA: Passive direct gain
 

PRWECT TITLE: Design Associates, Washington, Connecticut
 

LOCATION: New Milford, Connecticut, USA
 

DESCRI PrION: 

2 
This buildinq is a 129 m shed-roof-style home. It is designed with 

several thermal buffers: it is built into a hillside and has a north

facing garage. The lower floor has concrete block walls and the upper 

floor is frame type construction. Sunlight enters the building through 

windows along the south side, primarily those in the living room. Heat

ed air from the living room is ducted into the storage system. The 

floor of the first story is constructed of concrete blocks laid so that 

air can pass through their hollow cores. A layer of concrete covers 

these blocks. These blocks form a duct area under the entire lower 

floor. The blocks function as a thermal storage medium. This heat is 

released slowly up through the floor. The insulated interior walls and 

masonry chimney also serve as thermal storage. Overheating is prevented 

by overhangs that shade the summer sun. 
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SPECIFICATIONS: 

Construction: Masonry, slab on grade
 

Floor Area: Total: 129 m2 ; Heated: 129 m 

"Solar Aperture: 31 m of double glass 
Aperture/Floor Area Ratio: 0.24 
Primary 'Ifiermal Mass: Concrete slab with tile, plaster walls 

PERFOPF4ANCE: 

Reported Average Induor Temperature: 17"C day, 130 C night 
1979-80 Total nonsolar energy consumed per square meter: 

' 35.810 1kJ/m 2 

Calculated net heat loss coefficient: 173 W/C
 
Estimated Infiltration Rate: 1/2 air chnages/hr 

CONTACT: Designer, Stephen Lasar, New Milford, Connecticut
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TECHNOLOGY AREA: Passive direct gain with mass wall
 

PROJECT TITLE: Bert Seyfarth, East Lansing, Michigan
 

LOCATION: East Lansing, Michigan, USA
 

OCJECTIVE: To provide space heating
 

DESCRIPTION:•
 

This residential building has six levels plus a back porch deck, The
 
2
passive solar system combines 19 m of glazing associated with an iso

lated mass aall and direct gain system with 9 m' of double-paned win

dows. The mass wall covers the south side of the garage and extends up
 

into the living room. Sunlight enters the living room through the glaz

ing above the storage wall, which directly heats the living area and the
 

level above. Heat from the mass wall is transferred to the living areas
 

by warmed air flowing up from the lower levels. Night losses are mini

mized by a reflective curtain below the wall and the glass. Ventilation
 

from twin vents at the base and top of the mass wall and in the main
 

bedroom cools the house in the warm months.
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SPECIFICATIONS:
 

Construction: Wood frame, heated crawl space and basement
 
2
 

Total: 150 m2 ; Heated: 150 m
Floor Area: 


2
Solar Aperture: 29 Mi of double glass 

Aperture/Floor Area Ratio: 0.19 

Primary Thermal Mass: Concrete block wall packed with sand 

PERFORMANCE:
 

Reported Average Indoor Temperature: 180 C day, 170 C night
 

1981-82 Total nonsolar energy consumed per square meter:
 
" 


88.2*10 kJ/m2
 

Calculated net heat loss coefficient: 284W/C
 

Estimated Infiltration Rate: 1/2 air changes/hr 

CONIACT: Bert Seyfarth, East Lansing, Michigan
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TECHNOLOGY AREA: Passive greenhouse and attic ventilation cooling
 

PROJECT TITLE: Mad Dog Design and Construction
 

LOCATION: Tallahassee, Florida, USA
 

DESCRIPTION:
 

This 196 m' wood home features many widnows and a large greenhouse on
 

the south side. This design incorporates both a passive solar heating
 

system and an attic ventilation cooling system. A greenhouse also
 

serves as an airlock entry to the house. The greenhouse has 15 m 2 of
 
2
vertical windows and 16 m of sloped windows. Heat is stored in 0.2 M3
 

water-filled drums as well 6 the walls and in the concrete floor slab.
 

The house is ventilated by several methods: a small fan in the green

house vents the unwanted heat that builds up; natural cross-ventilation
 

vents the attic space; and a whole house ventilator evacuates the entire
 

building. Roof overhangs and white shingles help reduce summer heat
 

gain.
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SPECIFICATIONS: 

Construction: Wood frame, slab on grade 

Floor Area: Total: 196 M2 ; Heated: 178 m 2 

"Solar Aperture: 32 m of double wall acrylic
 

Aperture/Floor Area Ratio: 0.18
 

Primary Thermal Mass: 3
Water-filled 0.2 m drums in greenhouse
 

PERFORMANCE:
 

Reported Average Indoor Temperature: 24°C
 

1981--82 Total nonsolar energy consumed per square meter:
 
"
 49.9*10 1kJ/mI
 

Calculated net heat loss coefficient: 499 W/ C
 
Estimated Infiltration Rate: 3/8 air changes/hr
 

CONTACT: Mad Dog Design and Construction 
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TECHNOLOGY AREA: Passive Home for Hot Desert Climate
 

DESIGNER: Edward Gorman
 

LOCATICN: El Centro, California, USA
 

DESCRIPTION:
 

This house is built in a hot desert climate. All windows and doors are
 
shaded from the summer sun. 
 The roof and stucco exterior are a very
 
light color, and all sides of the house have some 
earth berming for
 
added insulation. The south-facing walls are angled to reflect light
 
into the windows, providing natural light while eliminating heat gain.
 

CONTACI: Edward Gorman
 

Environmental Systems
 

San Diego, California
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TECHNOLOGY AREA: Direct Gain and Indirect Passive Solar Features
 

DESI(CER: Sinan Sabuncuoglu and Jim Fong
 

LOCATION: West Oakland, California, USA
 

DESCRIPTION:
 

2
 
This 149 Mn residential building has a north-south orientation and two
 

stories. A vestibule on the north side minimizes heat 
loss from the
 

entryway. The passive heating system incorporates both direct and in

direct gain features. Direct gain is from south-facing windows and
 

clerestories (Note: A clerestory is a vertical window placed high in
 
wall near eaves, used for light, heat-gain and ventilation.); indirect
 

gain is from two-story Trombe or Solar Mass walls.
 

During the winter months, the sun enters the main living space through
 

south-facing glass. The concrete slab floor stores heat, which radiates
 

into the room later in the day. South-facing clerestory windows allow
 

light and heat to enter the north side living spaces. The Trombe wall
 

(24 m2 ) provides both direct and indirect heating. Top vents allow the
 

solar-heated air to flow into the living spaces while bottom vents draw
 

cold room air to be heated. These vents have manually--operated dampers
 

to prevent reverse circulation. Heat loss is minimized by 2.5 cm thick
 

rigid insulation installed below grade at the perimeter of the founda

tion walls.
 

During the summer months, the south-facing clerestory vents are opened
 

to let hot air out 
while cooler air is drawn in from the northern win

dows at an intermediate level. Cool air is drawn across 
the rooms
 

through the lower Trombe wall vents of each level and leaves :hrough the
 

opened exterior v Summer solar gain is reduced by overhangs, roll

up shades, and curtains.
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SPECIFICATIONS:
 

Floor Area: Total: 149.2 m2
 

Solar Aperture:
 

Trombe wall glazing, 24 m2
 

Clerestories, 77 m 2
 

Slab with 22 m)
 

Primary Thermal Storage:
 

Trombe wall, 30 cm thick, and concrete slab 15 cm thick
 

Ventilation System:
 

0.3 m2 vent opening in Trombe wall for night ventilation.
 

Vents iow on north side and high in ceiling for night ventila

tion.
 

Operable windows
 

PERFORMANCE:
 

Solar Heating Fraction: 0 79
 

Solar Cooling Fraction: 0.74
 

CONTACT: 	 Sinan Sabuncuoglu and Jim Fong
 

4368 Benevides Avenue
 

Oakland, California 94602
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TECIhMLOGY AREA: Direct Gain Passive Solar Features
 

DESIGNER: Robert Colyer, Architect
 

S. Pearl Freeman
 

LOCATION: Oakland, California, USA
 

DESCRIPTION:
 

This design is a multi-family unit. Unique features include earth

filled planter boxes for thermal mass in the solariums. Rain water for
 

irrigation is collected and stored in a cistern equipped with a hand
 

pump. On cool days, all exterior solarium vents can be closed to retain
 

the maximum amount of solar radiation. The energy received is stored in
 

30-cm thick concrete block walls between the solarium and living area,
 

in the second floor earth planter and prestressed floor slab, and in the
 

insulated earth nmass and slab on the first floor. Living spaces receive
 

this heat via vents in the solarium or by thermal radiation from the
 

mass wall.
 

During hot weather, the solariums are shaded by extending exterior roll

down shades and cooled by opening exterior vents. Cooler night air
 

enters lower vents on each floor and hot air is exhausted through the
 

top vents. The rest of the living space is shaded by closing interior
 

venetian blinds on the south-facing windows.
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SPECIFICATIONS:
 

Floor Area: Total: 123 m2
 

Solar Aperture: South-facing windows and solarium, 94 M2
 

Primary Thermal Storage:
 

Solarium concrete block mass walls and concrete floor
 

Ventilatinn System:
 

Operable windows and stack-effect chimneys
 

Vents in solarium and wall partitions
 

PERFORMANCE
 

Solar Heating Fraction: 0.73
 

Solar Cooling Fraction: 0.75
 

CONTACT: Robert Colyer, Architect
 

S. Pearl Freeman
 

The Coylt /Freeman Group
 

1945 Eddy Street
 

San Francisco, California 94115
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TECHNOLOGY AREA: Direct Gain and Trombe Wall System
 

DESIGNER: Shepley, Bulfinch, Richardson, Abbott, Inc., Architects
 

LOCATIGN: Braintree, Massachusetts, USA
 

DESCRIPTION:
 

This project is part of Massachusetts' Multi-Family Passive Solar Pro

gram, and is housing for the elderly. The site is large and open, which
 
is ideal for good solar access. Eight two-story buildings stretch east
 

to west on the site. Small 
exterior stairs and interior vestibules
 

serve four or six apartments each. In each apartment, frequently used
 

areas such as bedrooms or living rooms 
face south; kitchen and bathrooms
 

face north.
 

Fifty-two of the 58 one-bedroom apartments have direct gain windows and
 

unvented Trombe walls for passive solar 
heating. In addition, the
 

apartments have R-20 walls, R-40 Roofs, and R-10 perimeter insulation to
 

the footing. All windows are triple-glazed (R values are in English
 

units.)
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SPECIFICATIONS
 

Construction: Wood frame with clapboard siding
 

Floor Area: 76 m2 (Per apartment)
 

Solar Aperture:
 

Dizect gain triple-glazed windows, (4.4 M2 )
 

M2 2Trombe wall (9.8 
22 

total, 8.3 M glazed), 8-inch (20 cm) 

block, triple-glazed, urvented, canvas awnings for summer 

shading. 

Primary 'IermalStorage:
 

Concrete masonry heat storage wall (6-inch thick, 15 cm) per

pendicular to direct gain aperture.
 

Ventilation System:
 

Kitchens are partially opened to living room, allowing natural
 

ventilation; good cross ventilation
 

PERFORMANCE 

Building Heat Loss Coefficient: 112 BTU/hr-0 F, 59 W1 C 

Solar Contribution: 65% if vented at 750 F, 240 C 

CONTACT: 

Marlene M. Hoey,
 

Executive Director
 

Braintree Housing Authority
 

or
 

Architects.
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TECHNOLOGY AREA: Trombe wall, direct gain, and corridor sunspace.
 

DESIGNER: Haldeman and Goransson Associates, Inc., Architects.
 

LOCATION: Fall River, Massachusetts, USA
 

DESCRIPTION:
 

This project is part of Massachusett's Multi-Famiily Passive Solar 
vro
gi.am and is housing for the elderly. The building is a steel frame 
mid-rise t-hvt occupies a semi-urban site in downtown Fall River, 

Massachusetts. 

The building contains 54 apartments. Its east-west wing is single
loaded (having apartments on one side) with a sunspace/corridor facing 
south. At the east end of this wing, four apartments occupy the south
 
side, blocking the s-unspace. These aprartments use Trombe walls and 
direct gain windows for heat.
 

In addition, the building has R-25 walls, R-40 Roofs, and R-10 perimeter
 

insulatiou to the footing. All windows are triple-olazed (R values are
 

in English units).
 

This building is a relatively complex passive design! four different
 

passive/hybrid systems are utilized.
 

The stair tower at the end of the north/south wing is a sunspace collec
tor. Its south facade is a triple-glazed, thermal break curtain wall.
 
When the temperature of the stair tower rises above 27 0 C, hot air is 
ducted off the stair tower and is fed through the ceiling plenums of 
apartments with only partial solar access. 
 The top of each plenum is a
 
2.5-inch (6 cm) thick concrete floor slab and the bottom of each plenum
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is a doubled gypsum board ceiling. Hot air from the sunspace warms the 

concrete and the heat is gradually transferred to the apartments above 

and below. Cool air is then returned to the bottom of the stair tower. 

The west wall of the building is jogged to include both west and south
facing glazing. Even though the south-facing glazing is shaded for over 

half the day, it performs more efficienctly (i.e. collects more useful 
winter heat and less unwanted summer heat) than an equal area of west 

facing windows. 

A total of twelve apartments have combined Trombe/direct gain systems. 
These walls are unvented and slatted metal overhangs help control over

heating.
 

The corridor/sunspace provides heat for sixteen apartments. A fan cir
culates air through the ceiling plenum whenever the sunspace temperature
 

rises above 320C.
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SPECIFICATIONS:
 

Construction: Steel frame midrise
 

2
Floor Area: 65 m (Per apartment)
 

Solar Aperture:
 

o 	 Corridor sunspace: (Serves 16 apartments), 11 m2 sunspace
 

2
glass, 2.2 m direct gain glazing, forced storage in ceiling in
 

plenum.
 

o 	 Trombe wall/direct gain: (Serves 12 apartments), 3 m2 direct
 

gain glass; 3 M2 Trombe wall glass; slatted metal overhangs.
 

(25 cm thick concrete block for storage)
 

o 	 Jogged west facade: (Serves 16 apartments), 1.5 M2 south fac

ing glass.
 

o 	 Stair tower suispace: (9 to 16 apartments), fan-forced heat
 

storage in ceiling plenum
 

PERFORMANCE: 

Building Heat Loss Coefficient: 68 BTU/hr-0 F, 36 Wi C 
2So.ar Contribution: 76% if vented at 75 0 F, 24 0 C (8.3 m sunspace 

2glass; 2.2 M apartment glass). 

Leonel V. Garanta
 

Executive Director
 

Fall River Housing Authority
 

Chor Bishop Eid Apartments
 

or
 

Architects.
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TECHNOLOGY AREA: Direct gain, Trombe walls, and sunscoops
 

DESIGNER: Juster Pope A-.sociates, ALchitects
 

LOCATION1: Amherst, Massachusetts, USA
 

DESCRIPTION-


This project is part of Massachusett's Multi-Family Passive Solar
 

Program, and provides congregate housing for people with severe mobile
 

disabilities. The site is small and stretches north-south, thus limit

ing solar access.
 

The building's south-facing walls are a combination of direct gain win

dows and vented Trombe walls. Solar clerestories rise above the single

story roofline, funneling sunlight deep into the apartment.
 

In addition, the building has R-20 walls, R-40 roofs, and R-10 perimeter
 

insulation to the footing. All windows are double-glazed. (R values
 

are in English units.)
 

The Trombe walls are double-glazed and vented. Canvas covers shade the
 

wall during the summer to prevent overheating.
 

The clerestories were designed to illuminate corridors, dining rooms,
 

and kitchens, which would be otherwise deprived of solar light and heat.
 

They are triple-glazed and are fitted with motorized insulating shades
 

that will provide summer shading.
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SPECIFICATIONS:
 

Floor Area: 130 M2 (Per apartment, gross)
 

Solar Aperture:
 

2o Direct Gain, 7 m double-glazed glass, slab on grade storage.
 

2
o 	 Trombe walls, 8-inch block (20 cm), 10.5 m double-glazed
 

glass, laced-on cover for summer shading.
 

o 	 Clerestories, 2.2 m2 triple-glazed glass, paddle fan to cut
 

stratification, summer powervent.
 

PERFORMANCE:
 

Building Heat Loss Coefficient: 342 BTU/hr-°F, 180 W/C
 

Solar Contribution: 38% if vented at 750 F, 240C
 

GOTACT:
 

Carole E. Collins
 

Executive Director
 

Amherst Housing Authority
 

John Nutting Apartments
 

or
 

Architects.
 

R629/14.de 	 A-78
 

http:R629/14.de


. ~ ~.tl;: ~,.7,, ~ ' 

Z'I is, 

:;,', ."B 

= -~~ 

'- " 

~ 

, 

~ 

.' 
-9 

~rhes" 

A -79 

Massac....!"lu,__s.et..''L :(IR-,.-) 



APPENDIX B
 

CONVERSION FACTORS
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CONVERSION FACTORS AND USEFUL INFORMATION 

(SIInternational Metric System - Le Systeme International d'Unites Units) 

Base Units of the International Metric System (SI) 

I Quantity Name of the Unit Symbol 

mLength meter 

Mass kilogram kg 

Time second s 

Temperature Kelvin K 

AElectric current ampere 

Luminous intensity candela cd 

Amount of substance mole mol 

Recommended Decimal Multiples and Submultiples and 

the Corresponding Prefixes and Names 

Factor Prefix Symbol Meaning 

1012 tera T One trillion times 

9
10 giga G One billion times 

106 mega M One million times 

103 
 kilo k One thousand times 

102 hecto h One hundred times 

10 deca da Ten times 

"1
10 deci d One tenth of 

10-2 centi c One hundredth of 

10-3 milli m One thousandth of 

10- 6 micro p One millionth of 

10 nano n One billionth of-9 


10-12 pico p One trillionth of 

10" 15 femto f One quadrillionth of 

g10 18 atto a One qui-ntillionth of 

B-1
 



Some Derived Units of the International Metric Sstern (SI) 

Quantity Name of the Unit Symbol Equivalence 

Frequency 

Force 
Pressure 
Energy 
Power 

Quantity of electicity 
Electrical potential cr 

electromotive force 
Electric resistance 
Electric conductance 
Electric capacitance 

Magnetic flux 
Magnetic flux density 
Inductaice 
Luminous flux 
Illumination 
Wave number 

Some Suggested SI Units for 

Volume flow-

Hzhertz Hz = 

newion N IN = 

pascal Pa I Pa = 

joule J IJ = 

watt W I W = 

coulomb C I C 	 = 

volt V I V = 
ohm fl I fl = 

siemens S I S = 

farad F I F 

weber Wb I Wb= 
tesia T I T 

henry 17I1 = 

lumen Im : Im 
I 	 Ixiux 	 Ix 

u 

Air Poilution Control 

Litres per second (1/s) 

Velocity (gas flo,): Meters per second (m/s)
 

Air to cloch ratio: Millimeters per second (mim/s)
 

Pressure: Kilopascals (Pa)
 

Conversion from ppm to g/m 3 	at STP 

Tstd = 273.150 K 

Pstd 

ppm x MI.W. 

9 
dscm 22.4 _liters 0-322.414 g-moie 

= I atm 

g 

m3 (293.15oK)
001 "73.15 ° K 

x 
I x 

I 

106 

B-2 

I-I
 

I kg X m X s-2 

2I N X m 
I N X m 
I 	J X s-1 

I 	A X s 

"
I 	W / A , 

V X A-' 
I -, 
I 	C , V-1 

I V X s 
I Wb X m-2 

I Wb X A 1 

I cd X sr 
M 2
I 	IxX 

ppm 



Conversion Betwecn Different Units 

We have gathered below quanities of the English and engineering systems of units that 
are commonly ,ound in the literature on air pollution. Our intention is to list them in 
such a way that their equivalent in thc MKS system of units can be found quickly. 
Quantities which are listed in each horizontal line are equivalent., The quantity in the 
middle column indicates the simplest definition or a useful equivalent of the respcclive 
quantity in the first column. 

I acre 1/640 rn12 4.047 x 103 m 2 

1 Angstrom (A) 10.8 cmi I0 "!0 m 

I atmosphere (atm) 1.013 x 106 dyn/cm 2 1.013 X 105 N/m 2 

I bar (b) 106 dyn/cm 2 1-5 jrm2 

I barrel (bbl) 42 gal, U.S.A. 0.159 m3 

I boiler horsepower 3.35 x 104 Btu/hr 9.810 x 103 W 

! British lt-ermal Unit (Btu) 252 cal 1.054 x 103 j 

I Btu/hour 1.93 , i06 erg/sec 0.293 W 

I calorie (cal) 4.181 X l0-7 erg 4.184 J 

centimeter of mercury (cm flg)1.333 N 104 dyn/c m 2 1.3,3 X l03 N/r 2 

I cubic foot, U.S.A. (cu ft) 2.832 X 104 cm 3 2.832 x 10-2 m3 

I dyne (dyn) I g-cmi/sec2 10-5 N 

I erg I g.cm 2 /sec 2 10- J 

I foot, U.S.A. (ft) 30.48 cm 0.3048 m 

I foot per minute (ft/mIn) 1.829 × 10-2 km/hr 5.080 x I0-3 m/sec 

I gallon, U.S.A. (gal) 3.78) x 103 cm 3 3.785 × 10-3 m 3 
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Convrsion Factors 

Equivalents Multiply by to obtain 

Eperrgr, lt-eal. and Wutk,: 

I Btu = 252.0 cal Btu 
cal 

252.0 
0,003968 

cal 
Btu 

I Btu = 0 2520 kg-cal Btu 
kg-cal 

0 2520 
3.968 

kg-cal 
Btu 

I therm - 100.O0 Btu therm 
Btu 

I1W.000 
00000 

Btu 
therm 

I Btu = 778 2 ft-lb Btu 
ft-lb 

778.2 
0001285 

ft-lb 
Btu 

I Ctu = 1055 Joules Btu 
Joules 

1055 
0.0009478 

Joules 
Btu 

I cal = 4.187 Joules cal 
Joules 

4.187 
0.2388 

Joules 
cal 

I hp-hr = 2544 Btu hp-hr
Btu 

2544 
0.0003930 

Btu 
hp..hr 

I kwh = 3412 Btu kwh 
Btu 

3412 
0.0002931 

Btu 
kwh 

I hp-hr - 1,980,000 ft-lb 

I kg-m = 7.233 ft-lb 

hp-hr 
ft-lb 

kg-m 
ft-lb 

1.980,000 
0,0000005051 

7,233 
0.1383 

ft-lb 
hp-hr 

ft-lb 
kg-m 

Puver and Heat Flo: 

I kw 1.341 tp kw 
hp 

1.341 
0.7457 

hp 
kw 

I hp 550 ft-lb/sec hp 
ft-lb/sec 

550 
0.001818 

ft-lb/sec 
hp 

I hp 42.41 Btu,'min hp 
Btu/min 

42.41 
0.02358 

Btu/min 
hp 

I Btu,'sec = 1.055 kw Bit/sec 
kw 

1.055 
0.9478 

kw 
Btu,scc 

I kw = 3412 Btu/hr kw 
Btu/hr 

3412 
0.0002931 

Btu/hr 
kw 

I hp = 2544 Btu/hr hp 
Btu/hr 

2544 
0.0003930 

Btu/hr 
hp 

Btu/min 
kw 

Btu/mn 

lb/hr steam 

MCga watts 

Boiler Hp 
Biler Hp 

0.01757 
56.92 
0.001 

0.454 

1360 

33,479 
9.803 

kw 
Btulmin 
lb/hr (steam) 

kgjhr (steam) 

kg, hr (steam) 

Btu/ hr 
kw 
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2 

Pressure 

To'mImmHg in H in H20 1 H20 atm lb/in2 Kg/cm 

mm Hg I 0.03937 0.5353 0.04460 0.00132 0.01934 0.00136 

in Hg 25.40 I 13.60 1.133 0.03342 0.4912 0.03453 

in H20 1.868 0.07355 1 008333 0.00246 0.03613 0.00254 

ft H-20 22.42 0.8826 12 I 0.02950 0.4335 0.03048 

atm 760 29.92 406.8 33.90 I 14.70 1.033 

1biin 2 51.71 2.036 27.67 2.307 0.06805 I 0.07031 

Kgcm2 735.6 28.96 393.7 32.81 0.9678 14.22 1 

Volume 

3 3 in 3 ft 3To cm liter n 

From 

-5
 
3 0.001 1 x 10-6 0.06102 3.53 x 10cm 1 

I 0.001 61.02 0.03532liter 1000 

m 3 I x 10-6 1000 1 6.10 x 10-4 35.31 

in3 16.39 0.01639 1.64 x 10-6 1 5.79 x 10-4 

ft 3 -42.83 x 10 28.32 0.02832 1728 1 

Temperature 

C = 5/9 (1 F-32) IF = 9/5 'C+32 

'K = 'C+273.2 0 R = °F+459.7 
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Equisdlcnts Multiply by to obtain 

11'u1 Flu%,: 

I c-l.hr sq cm 
= 3,687 Bluhr sq ft c-lIhr sq cm 

Btuhr 5q ft 
3.t87 

0.2712 

Btu/hr sq f 

cdl/hr sq cm 

I waltsq cm 
= 3170 Biu,lhr sq ft wjtts' q cm 

Btu/ hr sq ft 

3170 
0.003154 

Btuthr sq ft 

waits/ sq cm 

TherrulI Cu/idij-u/u-111": 

hr 
Btu ft 
sq ft ° F 

Btu in. 
hr sq ft2F hr 

Btu ft 
sq ft' F 

12Bu n. 
hr sq ft F 

btu -
in 08Bu~~00833 fthrsftF 

hr sq ft 'F hr sq ft F 

Btu 

hr sq ft oF 

Bi tclc
Cal Cm 

hr sq cm 'C hr 

tu ft 

sq ft 'F 

1488 cal cmCm 

hr sq cm °C 

cal cm 0 Btu ft 

hr sq cm C 00672 h sq ft °F 

cm BaBtu ft watts cm 57.79 Btu ft 

sq cm 'C hr sq ft IF q F 

Btu ft 0.01731 - ,a!21 cm 

hr sq ft *F sq cm *c 

Heai Cunilent: 

I--
= 0.556 heat content inBtullb 0.556 heat content in cal/gm 

lb gr heat content in cal/gm 1.80 heat content in Btu/lb 

I Bu 
lb I F gm *C 

specific heat in Bcualb 'F I specific heat cal gm *C 
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Useful Information 

Energy equivalences of various fuels: 

22.4 x 106 Btu/ton, 1971-1973Bituminous coal 
- 21.9 x 106 Btu/ton, 1974 

Anthracite coal - 26.0 x 106 Btu/ton 

[Lignite coal - 16.0 x 106 Btu/ton 

Residual oil - 147,000 Btu/gal 

Distillate c.il - 140,000 Btu/gal 

Natural ,as - 1,022 Btu/ft 3 

I lb. of water evaporated from ind at 212°OF equals: 

0.2844 Kilowatt-hours 

0.3814 Horsepower-hours 
970.2 Btu 

I cubic foot air weighs 34.11 gin. 

Miscellaneous Physical Constants 

6.0228 x 1023 Molecules/gm-moleAvogadro's Number 


Cal/(gm-mole) (°K)
Gas-Law Constant R 1.987 
1.987 Btu/(lb-mole) (°R) 

82.06 (cm3) (atm)/(gm-mole) .(I K) 

10.731 (ft 3) (lb) (in2 )/(lb-mole) (°R) 

0.7302 (ft3) (atm)/(lb-mole ('R) 
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Over-Rate Firing (Common Practice): 

125 percent rating
Cast iron sectional boilers 

tube (HRT) 150 percent rating
tube and brick set horizontal returnSteel fire 

200 percent rating
Scotch marine boilers (conventional type) 

300 percent rating
Water tube boilers (small) 

600 percent rating
Water tube bc ilrs (larve, power type) 

1 Sq Ft of Equivilent Direct Radiation (EDR): 

= 240 Btuhr fo! steam hctIflg 

= 150 Btujlu for hot ,AAW heating (open system) 

-- 180 Btu/ hr for hot, r hc.1ting (closed system) 
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Weight of 02, N2 and Air 

Pounds Tons SCF Gas 

Oxygen 12.08 
I POUND Nitrogen 1.0 00005 13.80 

24,160
OxygenI 
Nitrogtn 2000.0 	 1.0 27,605 

0.00004141
 
SCF GAS Oxygen 0.08281 


Nitrogen 0.07245 0.1j0003623 
 1.0 

Air Density 1.293 g/l at I atm 0°C 
0.0808 lb/ft3 at aim 32'F 

Gram Mole =22.414 liters at 0°C, I atm 

I lb. Mole = 359.05 ft 2 at 320F, I atm 

I Boiler Horsepower: 

33,475.3 Btu/hr heat to steam 

= 34.5 lbs steam evaporated per hr from and at 212°F 

44,633 Btu/hr fuel input for 75 percent overall efficiency 

= approximately 10 sq ft of boiler heating surface (basis for boiler ratings) 

139.4 sq ft of equivalent direct radiation 

Overall Boiler Efficiency, Percent: 

= (lb steam/hr) 	X (heat content of delivered steam - heat content of feed water) X 100 

(fuel input rate) X (gross heating value of the fuel) 
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Conversions - Dust Loadinus iM Flue Gas (Approximate) 

Grains pcr standard cubic foot X 1.87 = lbs. pc," 1000 lbs. of flue gas 
Grains per standard cubic foot X 2.20 = lbs. per 1.000.000 Btu input 
Grains per cubic foot of 500'F flue pas X 3.45 lbs. per 1000 lbs. of flue gas 

Pounds per 000 ibs. of flue gas X 0.53 = grains per standard cubic foot 
Pounds per 1000 lbs. of flue gas X 0.29 = grains per cubic foot of 500'F flue gas 
Pounds per Il,0 ]bs. of flue gas X 1.18 = lbs. per 1.000,000 l3tu input 

Pounds per 1.000.000 Rtu input X 0.45 = grains per standard cubic foot 
Pounds per 1,000,000 Btu input X 0.85 = lbs. per 1000 lbs of flue gas 

Pounds per 100 lbs. of Type 0 Wa,;te X 1.01 bs. per 1000 Ibs. of flue gas
 
Pounds per 100 lbs. of Type I Waste X 1.30 lbs, per 1000 lbs. of flue gas
 
Pounds per 100 Ibs. of Type 2 Waste X 1.84 lbs. per 1000 lbs. of flue gas
 
Pounds per 100 1bs. of -,pc .3\Waste X 2.80 lbs. per 1000 Ibs. of flue gas
 

of T pc 0 , 0.54 per cubic foot 
Pounds per lb.,. FyI- I \\"aste X 0.70 grains per standard cubic foot 

Pounds per 100 1os), Waste grains standard 

100 of 
Pounds per I0 lbs. of Type 2 Waste X 0.90 = grains per standard cubic foot 
Pounds per 100 lbs. of Type 3 \astc X 1.50 = grains per standard cubic foot 

Pounds of flue gas per hour X 0.22 = standard cubic feet per minute 
Standard cubic feet per mniute X '4.50 = lbs. of flue gas per hour 

NOTE: 

Grains isa measure of weight; 7000 grains - I pound. In these Standards, all expressions 
of particulate emissions (dust loadings) are given with the total flue gase.s (products of 
combustion) corrected to 50 percent excess air. 

All factors are based on properties of flue gas approaching those of dry air. 

For ease of calculations any small differences are ignored and "corrected to 
50 percent excess air" and -corrected to 12 percent C02" are considered equal. 

Standard cubic feet is air at 700F, and 29.92 inches of mercury. 
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APPENDIX C
 

PROPERTIES OF MATERIALS
 

R629/16 .de
 



SOLAR ABS0RPTA4E OF VARICUS MATERIALS* 

(PAS-1) 

Optical flat black paint 
 .98
Flat black paint .95
 
Black lacquer 
 .92

Dark gray paint .91

Black concrete 
 .91

Dark blue lacquer .91

Black oil paint 
 .90 
Stafford blue bricks 
Dark olive drab paint 

.89 

.89

Dark brown paint .88
 
Dark blue-gray paint 
 .88

Azure blue or dark green lacquer .88
Bro, concrete .85
Medium brown paint 
 .84

Medium light brown nalnt .80
Brown or green lacquer 
 .79
Medium rust paint .78 
Light gray oil paint .75

Red oil paint .74
 
Red bricks 
 .70
 
Uncolored concrete 
Moderately light buff bricks 

.65 

.60
 
Medium dull green paint 
 .59
 
Medium orange paint 
 .58Medium yellow paint 
 .57
 
Medium blue paint 

Medium Kelly green paint 

.51
 

.51
 
Light green paint .47White semi-gloss paint 
 .30

White gloss paint .25
 
Silver paint 
 .25

White lacquer .21

Polished alumrnum reflector sheet .12
 
Aluminized mylar film 
 .10
 
Laboratory vapor deposited coatings 
 .02 

This table is meant to serve 
as a guide only. Variations in
texture, tone, overcoats, pigments, binders, etc. can vary these 
values.
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(KRE-3) 

Thermal Properties of Metals and Alloys 

k, lBtu/(b-ft.=F)] c p 

Material 32'F 212"F 572 0 F 932°F 
[Btu/(lbm'*F)] 
32°F 

(Ibm/fl') 
32°F 

(ft'/h) 
32"F 

Metals 
Aluminum 117 119 133 155 0.208 169 3.33 
Bwmuth 
Copper, pure 
Gold 
Iron, pure 

4.9 
224 
169 
35.8 

3.9 
218 
170 
36.6 

-
212 
-

-

-
207 
-
-

0.029 
0.091 
0.030 
0.104 

612 
518 

1203 
491 

0.28 
4.42 
4.68 
0.70 

Lead 
Magnesium 
Mercury 
Nickel 

20.1 
91 
4.8 

34.5 

19 
92 

-
34 

i8 
-
-

32 

-
-
-

-

0.030 
0.232 
0.033 
0.103 

705 
109 
849 
555 

0.95 
3.60 
0.17 
0.60 

Silver 242 238 - - 0.056 655 6.6 
Tin 36 34 - - 0.054 456 1.46 
Zinc 65 64 59 - 0.091 446 1.60 

Alloys 

Adnmiralty metal 
Bra., 70% Cu, 30, Zn 

65 
56 

64 
60 66 - 0.092 532 1.14 

Bronze, 75% Cu, 
25% Sn is - - - 0.082 540 0.34 

Cast iron 
Plain 33 31.8 27.7 24.8 0.11 474 0.63 
Alloy 30 28.3 27 - 0.10 455 0.66 

Constantan, 6Uf1. Cu,
40MNi 12.4 12.8 - - 0.10 557 0.22 

18-8 Stainlem steel, 
Type 304 
Type 347 

8.0 
8.0 

9.4 
9.3 

10.9 
11.0 

12.4 
12.8 

0.11 
0.11 

488 
488 

0.15 
0.15 

Steel, mild, 1%C 26.5 26 25 22 0.11 490 0.49 
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Therma. Properues of Some Nonmetals 

Material 

Asbestos 

Cork 
Cotton fabric 
Diatomaceous earth, 

powdered 

Molded pipe 
covering 

Glas wool 
Fine 

Packed 

Hair felt 

Kaolin insulating 
brick 

Average
temperature 

CF) 

32 

392 


86 

200 


100 
300 

600 


400 

1600 

20 

100 

200 


20 

100 

200 
1O 

932 

2102 


k C a 

Btu/(h'ft'°F)J [Btu/(lbn .F)J (lbm/ft') (ft' [h) 

Insulating materials 

0.087 0.25 36 -0.01 
0.12 - 36 -0.01 
0.025 0.04 10 -0.006 
0.046 

0.030 0.21 14 -0.01 
0.036 
0.046 

0.051 - 26 
0.088 

0.022 
0.031 - 1.5 
0.043 
0.016 
0.022 - 6.0 
0.029 
0.027 - 8.2 

0.15 27 
0.26 

(KRE-3) 
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19 

Therma] Properties of Sor Nonmetals (continued) 

Average 
temperature 

Material (F) 

Kaolin insu'ating 
ftrebrick 392 

1400 
Magnesia, 85% 32 

200 
Rock wool 20 

200 
Rubber 32 

Brick 
Fire clay 392 

1832 
Masonry 70 
Zirconia 392 

1832 
Chrome brick 392 

1832 
Concrete 

Stone -70 
10% moisture -70 

Glas, window -70 
Limestone, dry 70 

Sand 
Dry 68 
10% water 63 

Soil 
Dr' 70 
Wet 70 

Oak i to grain 70 
!to grain 70 

Pine I to grain 70 
1 to grain 70 

Ice 32 

k 
jBtu/(h. ft.* F) 

0.05 

0.11 
0.032 
0.037 
0.017 

0.030 
0.087 

Building materi;Js 

.°oF)j 
P
 
(ibm,/C2 ) (ft3/h) 

17
 
17
 
8
 

75 0.0024 

144 0.02 

106 0.018 
304 

246 

144 0.019 
140 -0.025 
170 0.013 
105 0.017 

95 
100 

- ~0.01 

51 0.0041 
51 0.0069 
31 0.0029 
31 0.0067 
57 0.048 

c 
I Btu/(lb 

-
-

-

-
-

-
0.48 

0.58 

0.95 
0.38 
0.84 
1.13 
0.82 

0.96 

0.54 
0.70 

-0.45 
0.40 

0.20 
0.60 

-0.20 
-1.5 

0.12 
0.20 
0.06 
0.14 
1.28 

0.20 

0.20 
-
-

-

-

0.20 
-
0.2 
0.22 

-

-


0.44 
-0.03 

0.57 
0.57 
0.67 
0.67 
0.46 

(KRE-3) 
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Properties ot Liquids 

Specific Gravity Thermal 
Specific Heat (Cp) or Density (p) Conductivity* 

Name or Description 
Rtulb Temp Temp Temp 
eg F) F lbif9 F IF 

Acetaldehyde 48.9 64.4 
Acetic acid 0.522 7q-203 65.49 68 0.099 68 
Acetone 0.514 37-73 49.4 68 0.102 86 
Alcohol-ethyl 0.680 32-208 49.27 68 0.1u5 68 
Acohol-methyl 0.601 59-68 49.40 68 0. 124 68 
Al,' alconol 0.655 70-205 53.31 68 0.104 77-86 
Amn,-i o 1.099 32 43.50 -50 0.29 5-86 
r-Amvl alcohol 51.06 59 0.094 85 
An.iine 0.512 46-180 63.77 68 0.100 32-68 
Benzene 0 412 68 54.9 68 0.085 68 
Bromine 0 107 68 194.7 68 
n-Butryic acid 0.515 68 60.2 68 0.094 54 
n-But-V alconol 0.563 68 50.6 68 (.089 68 
Calcium chloride brine 

(20% by wt) 0.744 68 73.8 68 0.332 68 
Carbon disulfide 0.240 68 78.9 E8 0.093 86 
Carbon tetrachloride 0.201 68 99.5 68 0.062 6,1 
Chloroform 0.234 68 92.96 68 0075 68 
Decane-n 0.50 68 45.6 68 0.086 68 
Ethyl acetate 0.468 68 52.3 68 0.101 68 
Etyl chloride 0.368 32 56.05 68 0.179 33.6 

(M AZ) 
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Specific Gravity Thermal 
Specifle Heat (Cp) o Desity (p) Conductivity*

Name or Dec.criptio 

Btibib Terp Temp Temp 
(e F) F IbV F k F 

Ethyl ether-
Ethyl ;odide 

0.541 
0.368 

68 
32 

44.61 
120 35 

68 
68 

0.081 
0.214 

68 
86 

Ethylene bromide 0.174 68 136.05 68 
Ethylene chloride 0.301 68 77.10 68 
Ethylene glycol 69.22 68 0.100 68 
Formic acid 0.526 68 76.16 68 0.104 33 
Glycerine (glycerol) 78.72 68 0.113 68 
Heptane 
Hexane 

0.532 
0.538 

68 
68 

42.7 
41.1 

68 
68 

0.0741 
0.0720 

68 
68 

Hydrogen chloride 
Isobutyl alcohol 
Kerosine 

0.116 
0.50 

68 
68 

74.6 
50.0 
51.2 

b.p. 
68 
68 

0.082 
0.086 

68 
68 

Lirseed oil 
Methyl acetate 0.468 68 

8 
60.6 

68 
68 0.093 68 

Methyl iodide 14.2 68 
Naphthlene 
Nitric acid 
Nitrobenzene 

0.402 
0.42 
0.348 

m.p. 
68 
68 

60.9 
9)4.45 
75.2 

m.p. 
68 
68 

0.16 
0.96 

68 
68 

Octane 0.51 68 43.9 68 0.084 68 
n-Petane 0.558 68 39.1 68 0.066 . 68 
Petroleum 0.4-0.6 68 40-66 68 
Propionic acio 0.473 68 61.9 68 0.100 54 
Sodium chloride brine 

20% by wt 0.745 68 71.8 68 0.337 68 
10% by wt 0.865 68 66.9 68 0.343 68 

Sodium hyroxide 
and water 

15% by wt 0.864 68 72.4 68 
Sulfuric acid and waier 

100% by wt 0 335 68 114.4 68 
95% by wt 0.635 68 114.6 68 
90% by wi 0.39 68 113.4 68 0.22 68 

Toluene 
(C4HCH1 ) 

Turpentine 
0.404 
0.42 

68 
68 

54.1 
53.9 

68 
68 

0.090 
0.073 

68 
68 

Water 0.999 68 62.32 68 0.348 68 
Xylene [C.1 4,H.] 

Meta 0.400 68 54.1 68 0.90 68 
O-ho 0.411 68 55.0 68 0.90 
Para 0.393 68 53.8 68 

Zinc sulfae and water 
10% by wt 0.90 68 69.2 68 0.337 68 
1%by wt 0.80 68 63.0 68 0346 68 

(MAZ)
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Glaing: Physical Properties 

GLASS
 

Single Glazed Float Glass 

Double Glazed Flcat Glass 


ACRYLIC
 

Plexiglas (Rohm & Haas) 

Lucite (Du Pont) 

Exolite (CY/RO) 


POLYCARBONATE
 

Lexan (G.E.) 

Tuffack Twinwall ,Rohm & Haas) 

Cyrolon SDP (CY/RO) 


FIBERGLASS REINFCRCED POLYESTER
 

Lascolite (Lasco Industries) 

Filon w/Tedlar (Vistron Corp.) 


Sunlite Premium Il (Kalwall) 


POLYESTER FILM
 

Mylar Type W (Du Pont) 

Flexiguard (3M) 

POLYETHYLENE FILM 

Monsanto 602 (Monsanto) 

Teflon (Du Pont) 


POLY 'INYL FLUORIDE FILM 

Tedlar (Du Pont) 


Thermal 

Expansion 


.47 


.47 


4.10 

3.90 

4.00 


3.75 


3.30 

4.00 


1.60 

2.30 

1.36 


1.50 


30.00 


2.80 


Ease of 

Handling 


P 

P 


E 

E 

E 


E 


E 

E 


VG 

VG 

E 


F 

F 

F 

P 


F 


(PAS)
 

C-7
 

Weather-

ability 


E 

E 


E 

E 

E 


F 


F 

F 


G 

G 

G 


F 

G 

P 

E 


E 


Estimated Shading
 
Lifetime Coef.
 

25+ 1.0
 
25+ .79 -.90
 

10-20
 
10-20
 
10-20
 

15-17
 

5-7
 

10-20
 
10-20
 
20
 

4
 
10
 

1 
25
 

10-20
 

.83 



;lazng: Phyical Properties 

;LASS
 

ingle Glazedi 2loat Glass 

cuble Glazed Float Glass 


CRYLIC
 

lexiglas (Rohm & Haas) 

ucite (Du Pont) 

xolite (CY/RO) 


OLYCARBONATE
 

exan (G.E.) 


uffack Twinwall (Rohm & Haas) 


yrolon SDP (CY/RO) 


IBERGLASS REINFORCED POLYESTER
 

ascolite (Lasco Industries) 


ilon w/Tedlar (Vistron Corp.) 


inlite Premium II (Kalwall) 


)LYESTER FILM
 

(lar Type W (Du Pont) 


Lexiguard(3M) 


)LYETtYLENE FILM 

)nsanto 602 (Monsanto) 


flon (Du Pont) 


)LYVINYL FLUORIDE FILM
 

dlar (Du Pont) 


Thickness 


.090 -.125 

.625 


.125 


.125 


.630 


.125 


.220 


.630 


varies 


varies 


.040 


.003 -.014 


.007 


.004 


.001 


.004 


U-Value 


1.13 

.52 -.65 


1.06 

1.06 

.58 


1.05 


.62 


.58 

.73 


.95 


.55 


1.05 


(PAS)
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Solar 

Trans. 


.91 

.77 -.85
 

.90 


.92 


.83 


.81 -. 89 


.77 


.74 


.86 


.86 


.87 


.85 


.89 


.85 


.96 


.95 


Infrared Maximum 
Trans. Operating 

Temperature 

.01 400 

.02 180-200 

.02 180-200 

.02 160 

.02 250-270 

195 

240 

200-300 

200-300 

.02 200-300 

.16 -. 32 350 

.095 275 

.70 140 

.57 300 

.30 225 



Insulation Data 

Mean temperature 
thermal conducuvity 

Nominal 
density 

Temperature 
imitation (Btu-in)/ 

Federal 
specification 

Standard 
sizes Cost c 

_Aterial (lb/ft') (*F) oF (h"ft .'F)b compliance Producer (variable) ($fbd ft) 

Mineral wool 

Insulation 
No. 10 10.0 1200 200 0.26 H1-I-558 P Forty-Eight 2 ft X 4 ft (board) 0.125-0.14 (dist)d 

350 0.32 form A, Insulations THK: 1-3 Ui Ca.r!oad: 30,000 bd ft 
500 0.375 class 4 (1 in increments) 

LTR 8.0 1000 200 0.27 HH-1-558 B Forty-Eight 2 ft X .4 ft (board) 0.105-0.115 (dist) 
350 0.32 form A, Insulations THK: 1- in Carload: 30,000 bd ft 
500 0.385 class 4 (4 in increments) 

I-T 6.0 ,550 200 0.27 HH-1-558 B Forty-Eight 2 ft x 4 ft (board) 0.095-0.10 (dist) 
350 0.34 form A, Insulations THiK: 1-4 in Carload. 30,000 bd ft 
500 0.45 class 3 (1 in increments) 

MT-board 
MT-10 10.0 1050 200 0.25 IIl-I.558 B Eagle-Picher 2 ft X 4 ft (board) 0.13-0.14 (dist) 

350 0.333 form A, THK: 1-3 in Carload: 36,000 bd ft 
500 0.445 class 1, 2, 3 ( in increments) 

MT-8 8.0 1050 200 0,255 Hi-I-558 B Eagle-Picher 2 ft X 4 ft (board) 0.107-0.12 (dist) 
350 0.350 form A, TIK: 1-4 in Carload: 36,000 Kd ft 
500 0.470 class 1, 2, 3 (Qin increments) 

MT-6 6.0 1050 200 0.270 HII-1-558 B Eagle-Picher 2 ft X 4 ft (board) 0.085-0.10 (dist) 
350 0.373 form A, THK: 1-4 in Carload: 36,000 bd ft 
500 0.495 cla-s. 1,2, 3 (4 in increments) 

Industri., felt' 

Thermafiber 
lq-234 8.0 1000 200 0.27 tll-1-558 B United States THK: 1-2 in (N.J.) 0.131 (dist) 

350 0.36 form A, Gypsum Length: 60 in 7,000-38,000 bd ft 
500 0.48 class 1,2, 3 THK: 1-2' in (Ind.) 

Length: 48 in 
SF-240 6.0 1000 200 0.27 HH-1-558 B United States THK: 1-24 in (Tex.) 0.095-0.113 (dist) 

350 0.37 form A, Gypsum Length: 90 in 7,000-38,000 bd ft 
500 0.50 class 1, 2, 3 THK: l-3- in (Ind.) 

Length: 48 in 

SF-250 4.5 800 200 0.29 HH-1-558 B United States THK:1-4 in (Tex.) 0.081-0.10 (dist) 
350 0.415 form A, Gypsum Length: 90 in 7,000-38,000 bd ft 
500 0.55 class 1, 2 THK: 1-5 in (Ind.) 

Length: 48 in 

SF-252 4.0 800 200 0.30 HI-1-558 B United States THK: 1-4 in (Tex.) 0.07-0.087 (dist) 
350 0.435 form A, Gypsum Length: 90 in 7,000-38,000 bd ft 
500 0.59 class 1, 2 THK: 1-5 in (Ind.) 

Length: 48 in 

SF-256 3.5 600 200 0.33 111-1-558 B United States THK: 1-4 in (Tex.) 0.066-0.084 (dtt) 
350 0.47 form A, Gypsum Length: 90 in 7,000-38,000 bd ft 
500 0.62 class 1, 2 TIK: 1-6 in (Ind.) 

Length: 48 in 
SF-260 3.0 500 .90 0.35 HH-I-558 B United States T1K: 1-4 in (Tex.) 0.064-0.82 .iar) 

359 0.50 form A, Gypsum Length: 90 in 7,000-38,000 b~dft 
506 0.65 class 1, 2 THK: 1-6 in (Ind.) 

Length: 48 in 

SF-270 2.5 400 200 0.39 No dats United States TIK: 1-4 in crex.) 0.06-0.078 (dist) 
350 0.56 provided Gypsum Length: 90 in 7,000-38,000 bd ft 
500 - THK: 1-5 in (Ind.) 

Length: 48 in 

(KRE-3) 
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nsulation Data (continued) 

Mean temperature 
thermal conductivity 

Nominal Temperature Federal Standard 
density limitation (Btu in)/ h specfiation sizes Costc 

aterial (lb/ft') Cr) 	 'F (hft' .° F) compliance Producer (variable) (S/bd ft) 

Foamglas and Fiberglas insulationff 

h
Foamglasg 8.5 600 	 200 0.46' t1!t-1-551 D Pittsburgh I ftx 1.5 ft (board) 0...24 (Cornig)

350 0.58 (Fed) Corning 1 ft x 2 ft (board) Carload: 36,000 bd ft 

500 0.74 AST.,C 552-73 	 THX: iJ-4 in 
(f in inc) 

Fiberglas
 
701 1.6 450 200 0.33 t111--558 B Owens-Corning 2 ft x 4 ft (board) 0.07-0.08 (dist)
 

350 0.51 	 form A, class I Fiberglas THK: I[-4 in Carload- 30,000
ItH-1-558 B, (I bi inc) 35,000 bd ft 
typel 
form B, class 7 

703 3.0 450 200 0.30 HH--558 B Owen.&-Coroing 2 ft x 4 ft (board) 0.14-0.15 (dist)
 

350 0.41 form A, Fiberglas TIIK: 1-2 in Carload: 30,000
class 1, 2 (Qin inc) 35,000 bd ft
 

705 6.0 450 	 200 0.27 1i11-1-558 B Owens-Corning 2 ft x 4 ft (board) 0.25--0.27 (dist)
 
350 0.38 form A, Fiberglas TIIK: 1-2 in Carload: 30,000

35,000 bd ftclass 1, 2 	 ( in inc)rhermal 1 
nsulatuig wool

Type I 1.25 1000 200 0.41 It-1-558 B Owens-Corning Rolls 0.04--0.06 
350 0.65 form B, type 1, Fiberglas Width: 2 or 3 ft (Corning) 

500 0.85 class 6 THK: 2, 3, 4 in Half carload: 
Length: 76, 52, 38 ft 35,000 bd ft 

'pC 11 2.4 1000 	 200 0.30 / tl-l-558 B OwensCorning 2 ft x 8 ft 0.08-0.09 

350 0.44 torm B, type 1, Fiberglas 2 ft x 4 ft (board) tCorning) 

500 0.60 class 7, 8 THIK: 1-3 in 0.14-41.15 (dist) 
(I' in mc) Carload: 35,000 bd ft 

IS board' 4.0 800 200 0.30 IIH--558 B Owens-Corning 2 ft x 4 ft, 
3 ft x 4 ft 0.10-4.13 

350 0.44 form A Fiberglas 4 ft x 8 ft (board) (Corning) 

500 0.61 class 3 TIIK: 1-6 ii 0.18.-43.20 (dist) 
inmim) Carload: 35,000 bd ft 

aAll insulations listed will not cause or aggpaate coirosion 	and will absorb less than 1 moisture. AU insulations listed appear as semirigid board composed of
 

silica base refractory fibers bonded with special binders for &ervice in indicated temperature ranges.
 
bUnits are consistentl, cnplo, ed 'w thin the insulation industry. Conducivity rTmeasurernents con-ider a test specimen I it thick arid 1 ft' in normal .uea.
 
CCost data current through Oc:ober 30, 1975. Costs are based on ,aioad purchases and include treight where necessary to move insulation to 11ouston.
 
dost from Houston distributors noted b) (dist).
 
e Industrial felt is precorned :ineral f-ib'r felt, whici v,ill not cause or sustain coroson. It absorbs less than I ( moisture by , eight and is rated
 

noncortbustiblo. lntuiataon to be ordered in varying thicknesses and lengths; standard width of 24 in employed (see column 3).
 
'All codes in sp.ci:ficaLi., ,ompiLancc column are federal specificatiors uFiles' otherwise noted.
 

g~oamglas is an rnermcaile, rncombustible, rigid insulatiomn compocd of comletcl sealed glasm cells with no 'iinder material, ltsrigid form may allow for
 
Foamglas bc;ng iri.riemcnteO as the collector box. 
Cost from Cortinc 1:,.,.:on warehouse noted by Corning), cost frotll usutto distrbittor noted by (dist).

' Insulations ire made ,if i:.ganic 	;.ia fIbets preformed Into ,,mirgc:d ,to r:g:d rec:ariguiar boar,Is (1I', I :n 'lankets). Insulations wli not accelerate or cause 
I ' ,

corrosion and wilI absto -s than moisture Iby volumel.
 

/The units of the irea, ter;-c:ature thermal ccnductivrty for Foarn ,as and liberglas :nsulation are tBtuir.),'(h' t ' F).
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Time Lag of Heat Flow 
through Walls and Roofs 
Construction "rim,Lag (hours) 

Walls: 
Brick: 4-inch 

8-inch 
12-inch 

2.3 
5.5 
8.0 

Concrete, solid or block: 2-inch 
4-inch 
6-inch 
8-inch 

10-inch 
12-inch 

1.0 
2.6 
3.8 
5.1 
6.4 
7.6 

Glass: window 
block' 

0.0 
2.0 

Stone: 8-inch 
12-inch 

5.4 
8.0 

Frame: wood, plaster/no insulation 
insulated 

0.8 
3.0 

brick veneer, plaster/no insulation 3.0 
insulated 5.5 

Roofs:' 

Light construction 0.7 to 1.3 
Medium construction 1.4 to 2.4 
Heavy construction 2.5 to 5.0 

NOTES: 1. Glass block transmits, in addition to delayed conducted load, an instantaneous sun load 
vhich for smooth-faced block is about 0.45 times that of plain window glass, and for 
diffusing lock about 25% of plain glass transmission. 

2. Where applicable, the lags for wall materials can be used for roofs. Lags of materials added to 
a built-up structure are additive. 

(MAZ) 
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APPENDIX D
 

SUNPATH DIAGRAMS
 

TAKEN FROM (KRE-3 )
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A description of the method for calculating true solar time is giventogether with meteorological charts for computing solar altitude and azimuth
angles. (a) Description of method; (b) chart, 250 N; (c) chart, 30°N; (d) chart,
350N; (e) chart, 40°N; (f) chart, 45°N; (g) chart, 50°N. 

(a) Description of the Method 

The altitude and azimuth of the sun are given by
 
sin a = sin 0 sin 8 + cos 
0 cos 6 cos h (1) 

and 

sin cc = cos 5 sin h (2)cos a 
where a = altitude of the sun (angular elevation above the horizon)
 

, latitude of the observer
 
6 - declination of the sun
 

= hour angle of sun (angular distance from the meridian of the observer) 
a = azimuth of the sun (measured eastward from north)

From Eqs. (1) and (2) it can be seen that the altitude and azimuth of the 
are functions of the latitude 

sun 
of the observer, the time of day (hour angle), and 

the date (declination). 

Description and charts are based on the Sniihsonian MeteorologicalTables with permission from 
thc Smithsonian Institute, Washington, D.C. 
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A series of charts are used, one for each 50 of latitude (except 5°, 150 , 
75 ° , and 850) giving the altitude and azimuth of the sun as a function of the 
true solar time and the declination of the sun in a form originally, suggested by
Hand.* Tinear interpolation fur intermediate latitudes will give results within the 
accuracy to which the charts can be read. 

On these charts, a point corresponding to the projected position of the sun 
is determ-nined from the heavy lines corresponding to declination and solar time. 

To ind the solar altitude and azimuth: 

I Select the chart or charts appropriate to the latitude. 
2 Find the solar declination 5 corresponding to the date. 
3 De'emine the ti-Le so)lar timL' as follows: 

(a) To the local standard time (zone time) add 4 minutes for each 
degree of longitude by which the station is east of the standard meridian or 
subtract 4 ninutes for each degree west of the stanrdard meridian to get the local 
mean solar time. 

(h') To the local mean solar time add algebraically the equation of time; 
the sum is de ree solar time. 

4 Read the required altitude and azimuth at the point determined by the
 
declination and the true sol..r time. Interpolate linearly between two chuts for
 
intenediate latitudes. 

It should be emphasized that the solar altitude determined from these 
charts is the true geometric position of the center of the sun. At low solar 
elevations, terrestrial refraction may considerably alter the apparent position of 
sun. Under average atmospheric refraction the sun will appear on the horizon 
when it actually is about 34' below the horizon; the effect of refraction 
decreases rapidly with increasing solar elevation. sunset is definedSince or sunrise 
as the time when the upper limb of the sun appears on the horizon, and the 
semidiameter of the sun is 16', sunset or sunrise occurs under average
atmospheric refraction when the sun is 50' below the horizon. !n polar regions
especially, unusual atmospheric refraction can produce considerable variation in 
the time of sunset or sunrise. 

The 90°N chart is included for interpolation; the azimuths lose their 
directional significance at the pole. 

To compute solar altitude and azimuth for southern latitudes, change the 
sign of the solar declination and proceed as above. The resulting azimuths will 
indicate angular distance from souzh (measured eastward) rather than from north.t 

*I.
F. I-land, Iieitingand Ventilari.ag, vol. 45, p. 86, 1948.
 
'Note that the angular convention used by the Smithsonian differs from that used in Chap. 2 

and elsewhere in this book. 

D-2
 

http:Ventilari.ag


SUNPA TH DIA GRAMS
 

Chart for 25ON 
350 

340 
30 

M 320 

310 

:)o00/, 

-90 

NOIITM 

j___ 

10 

20 
30 

0 ME 

50 

60 

70 

2WEST IT8olU0 

260.1 

*¢ 
100 

250 1t10 

2-/-0 IT, 122 

Mw 
310 

190 

0o 
Chart for 30N 

3503.034U 
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320  

...... 
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/' 

G160 

0-20 

Decli. 
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+15" 
+10" 
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-10 
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° 
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50 
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June 22L ay 21, July 24 

M.ay I, Aug. 12 
A pr. 16, Aug. 28 
,Apr,3. Sept. 10 
Mar. 21, Sept. 23 

Mar. 8, Oct. 6 

Feb. 23, Oct. 20 
Feb. 9, Nov. 3 
Jan. 21, Nov. 22Dec. 22 

300 60 

20 0 

WEST . EA5.1DS 

. . 

200 -- _ --' 160 
1.90 SGcu 170I 
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310 

300 -3 

Chart for 35 0 N 
350 NORTH 

340-4--D---

330 

w320XE 

/" 

10 
20 

3 

so 

290 so 70 

W(S A_ ES 

20 .100 

2 50 

Z10 

200 0 160 

150 Decli

nation 

-290Jan. 

+23' 27' 

+20' D-4y+IS' 
+10' 
+ 5, 

0. 

- S. 
- 10" 
-15"* 
-20' 
-23' 27' 

Ma.1.0ct 
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2!. N{v. 2 
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21, July 24,May 1, Auw. 12 

Apr. 16, Atig, 29 
A pr. 3, Sept. 10 
INar. 21, Sept. 23 

Mlar. 8. Oct. 6i 
1 c . 23, ()ct. 20 
Fe b. 9. Noy. J 
J]an. 21. N:)v. 22 
[Jec. 22 
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APPENDIX E
 

SPACE CONDITIONING AND PERCEIVED HUMAN COMFORT
 

TAKEN FROM (ALT)
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SPACE CCNDIT1CNING AND PERCEIVED HUMAN COMMRT
 

The important factors involved in space conditioning systems include:
 

1. Temperature control
 

2. Humidity control
 

3. Air movement and circulation
 

4. Air filtering, cleaning and purification.
 

Complete space conditioning systems provide control of the above factors
 

for all outdoor weather conditions encountered both summer and winter 

seasows. A complete system must heat or cool the air, increase or de
crease the humidity, control air movement, and clean the air. 

Air
 

Because conditioning deals with air, it is important that the structure 

and the properties of air- be thoroughly understood. 

The atmosphere surroundinq the earth is reported to be about 400 miles 

thick (644 km). The atmospnere is divided into several layers- the
 

ionosphere, the e/treme outer portion of the atmosphere; the stratos
phere, between 50,000 ft (15.3 km) and up to 200 miles (322 km); and the 

layer between sea level and 50,000 feet (15.3 km). We are most in

terested in this last layer closest to the earth's surface. 

The air in this layer consists of a mixture of gases. Each of these
 

gases behaves as though it alone occupied the space (Dalton's Law). The
 

mixture is composed of gases listed in Exhibit E-1.
 

Because oxygen (0,) is a heavier gas as compared to other constitutents
 

in air, it has a higher percentage by weight than by volume. Hydrogen
 

(H2 ) is a very light gas, and it therefore does not appear in the weight
 

percentage but is shown in the ,olume column. 
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DRY AIR AVERAGE AIR 

Name 
Chemical 
Symbol 

Amount 
Weight 

by Amount by Amount 
% Volume-% Weight 

by 
% 

Amount 
Volume 

by 
% 

Nitrogen 
Oxygen 
Carbon dioxide 
Hydrogen 
Water 
Dust 
Rare Gases 

N2 
02 

CO2 

H2 
H20 

75.47 
23.19 

.04 

.00 

1.30 

78.03 
20.99 

.03 

.01 

.94 

X* 

X* 
X* 

X* 

*Variable 

Table showing the amount of the various 
and substances that make up normal air. 

gases 

EXHIBIT E-1 

(ALT) 

E-2
 



Amounts of water and dust (all foreign bodies) are so variable in the
 

air that they cannot be given any definite value in a table. However,
 
these two substances in the air are of considerable importance in air
 

conditioning (heating and cooling).
 

Water exists in air u,..r all conditions of temperature. It is in the
 
vaporous form. It is present in the air even at temperatures below
 
freezing, becaase it behaves as though it occupied the space alone, and
 

therefore it is operating under extremely low pressures. For example,
 
at 0.013 in Hg (0.33 tort, 44 Pa) (very close to a perfect vacuum),
 

steam can be made at -20°F (-29@C), and at 10OF (38°C) the pressure in
 
1.9 in. Hg (48 torr, 6399 Pa). The amount of water in air is relatively
 
small. For example, air at 72"F (220C) and one half saturated with
 
water vapor has 58 grains of water for each pound dry air (8.3 q,ky dry
 

air). As 7000 grains are equal one pound, it follows that water vapor
 

accounts for approximately less than one percent of the air.
 

Impurities in air come in a great variety of forms. 
 Some of the dif

ferent items which make up these impurities are:
 

1. Dust (solid particles I to 150 microns in diameter)
 

2. Fumes (0.2 to 1 micron in diameter)
 

3. Smoke (less than 0.3 microns in diameter)
 

4. Bacteria
 

Air has a comfort effect, a health effect, and a psychological or emo
tional effect on human beings. Therefore, effective air conditioning
 

will become more and more important.
 

Air is practically invisible, but nevertheless it has weight, inertia, 

and density. It pfess3s against the earth at sea level with an absolute 
pressurc of 14.7 psi (10..3 kPa). It has a density of .0725 lbs/ft3 

(11.6 kg/m3 ). Because of the mass of the air, it requires energy to
 
move it, and it can exert pressures above atmospheric pressures. Addi

tionally, air requires energy to alter its direction of motion.
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Air Temperature
 

The human body temperature is normally 98.6"F (370C). Since in the tem

perature zones the average atmospheric temperatures are below body tem

perature, clothing is worn to conserve body heat.
 

As heat is continually being generated in the body, heavy clothing in 

the winter insulates the body to retain heat and maintain bodily warmth.
 

In the summer while the atmosphere iswarm, it is difficult for the body
 

to radiate sufficient heat as heat is generated.
 

The only way the human hody can lose heat during those times when the 

air temperature exceeds 37CC is by evaporation of body perspiration.
 

This temperature change requires heating the air in some instances 

(winter and very cool earth zones) and cooling the air in some instances
 

(summer and in torrid zunes).
 

Dry Bulb Temperature 

Because human comfort and health depend not only on the air temperature 

but also on humidity and dust content in the air, one should not speak 

only of the air temperature but also of these other factors. In air 

conditioning the air temperature is listed more accurately as the dry 

bulb temperature (db) as this temperature is taken with the sensing 

element of the thermometer in a dry condition. Unless otherwise noted,
 

all a'.r temperatures are dry bulb temperatures.
 

Air Moisture
 

The atmosphere we live in always has a water vapor content. Because the
 

human body releases considerable moisture through its pores and by
 

breathing (the body's respiratory system), it is important that one
 

understand how air can absorb this moisture, and how the moisture in the
 

air affects the release of moisture from our breathing mechanism and our
 

pores.
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Moisture in the air is in water vapor form. It is important to remember
 

that this vapor can exist in the air at temperatures below freezing.
 

The vapor behaves as if it existed or occupied the atmosphere all by 

itself. Therefore it has a temperature pressure curve like all vola

tiles. It also has a latent heat of vaporization (this is illustrated
 

in Exhibit E-2.
 

As indicated in Exhibit E-2, heat in water vapor is considerable,
 

especially that amount of heat necessary to change the water or ice to 

steam and vice versa. The amount of heat is measured from 0°F (-180 C).
 

Note that there is more heat in the vapor than there is in dry air. 

Air is seldom saturated with water vapor. If it were, the human body 

could not lose heat by evaporation of moisture. Additionally, the vapor 

in the air would be ready to condense if it contacted any material 

having a mvrginally lower terperature than that of the air. Moisture 

would collect (condense) on clothing, on walls, on grass, etc. People 

in this atmosphere would be covered with perspiration and their clothes 

would be damp at all times. 

Luckily the atmosphere rarely becomes saturated. To find out how much 

moisture is in the air, or how close it is to being saturated with water 

vapor, one may use a polished or shiny surface that can be slowly 

cooled. As this surface is cooled, it finally reaches a temperature at 

which a film of moisure appears on the surface (dew). If the tempera

ture at which the surfaces "fogs" is noted, this temperature is the 

saturation temperature for the air sample. In nature, dew is the result
 

of air becoming cooled to a temperature near its dew point temperature, 

and then as this air passes over the leaves and grass, small air
 

currents and the pressure of the surface cause moisture to collect on
 

cooled surfaces.
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ICE, WATER, WATER VAPOR 
 DRY AIR
 

Sat.Press. 
Heat in Liquid Total Heat Vol. of Volume Specific Amount of
in Hg. B.T.U./1b. after Vapor- Water Vapor cu.ft./lb. Heat Water Va
ization cu.ft./lb. B.T.U./lb. por Sat
B.T.U/lb. 
 urate


Temp. 
 Grains 

-40 3.790(10)-3 -177.1 1043.4 1.343(10)5 10.567 
 -9.61 .5508
-30 7.503(1O)-3 -172.7 1047.8 
 7.441(10)4 10.820 
 -7.21 1.018

-20 1.259(.0)-2 
 -168.2 1052.3 4.237(10)4 11.073 -4.81 
 1.830
-10 2.203(10)-2 -163.6 1056.7 
 2.475(10)4 11.326 -2.40 
 3.206
 

SI _ 1061.1 .810), 11.579 0.00
10 6.286(lo)-2 -154.2 1065.5 9060 11.832 2.40 9.161
20 .1027 
 -149.4 1069.9 5662 12.085 4.81 14.9930 .1645 -144,4 1074.3 3608 
 12,338 7.21 24.07

32 .1803 
 -143.4 1075.2 
 3305 12.389 
 7.69 26.40
 

_. 1076,5 294840 .2477 12,./64 8.41
8.0 1078.7 2445 12.591 29.809.61 36.34
45 .3002 13.1 1080.9 2037 12.717 10.82 44.14
50 .3624 
 18.1 1083.1 1704 12.844 12.02 53.40
55 .4356 23.1 1085.2 1431 12.970 13.22 64.36
60 .5216 28.1 1087.4 1207 13.096 142,2 77.29 
10 8 6I 
 M .L. 1QZ2 13.223 5.62 925170 .7392 18.1 1091.8 868.0 13,349 16.83 110.472 .7911 40.1 102 .6 814,0 13,399 17.31 118.475 ,8751 _ 41,1 1093 _- --LL71 180 11 .3 _ 80 1 0323 48.1 1m6 611,0 13.602 19.21 155,865 1236 51,1 . 1098.1 .A,7 ' 20137 0 1.4 219 58A_ 1100.4 4679 13,854 21,64 217.6
95 1.6607 
 63.0 1102.6 404.2 13.981 22.84 256.4


1C) 1,]4 _. 68.0 1104.7 10.2 14 -(7 301,5
120 3,4477 

140 

8810 1113.3 20J.2 14,612 .__28.85 569,Q
L,8842 108,0 
 1lI,7 123,0 .5,117 73
160 9,655 
 128.0 119.9 77.27 15,622 1845 2090,
180 15.295 148.0 1117.9 50,22 - 16,128 4,]0 4598 
200 23,46-8 168.1 1115.8 11,64 i .81112 0'Z
 
212 29.921
 

ECHIBIT E-2 

The vapor pressure, volume and host vslue, for water-.yapor and low temperatures. Alio the volumes and 
spocific heat af dry air. 
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The dew point temperature can be measured or determined by placing a 

volatile fluid in a bright metal container and stirring this fliud with
 

an air aspirator. A thermometer will indicate the temperature as a mist
 

or fog appears on the outside of the metal container. The slower the
 

temperature is lowered, the more accurate the reading. One must be 

careful not to use flammable, toxic, or volatile fluids for this experi

ment.
 

The dew point temperature may be obtained more accurately by using in

struments made especially for this purpose. 

Wet Bulb 'e nerature 

Another way to determine the moisture content of air is to use a wet 

bulb thermometer. This is a regular or standard thermometer except that
 

this sensitive e-lement (bulb) is covered with a clean white cloth 

(wick), and this wick is wet with clean water, as illustrated in Exhibit
 

E-3.
 

When the air is saturated wit' moisture, no water will evaporate from 

this bulb, and its temperature will be the same as a dry bulb thermome

ter near it.
 

However, if the air is not saturated, water will evaporate from the 

wick, the wick temperature will be lowered and therefore the sensitive 

bulb temperature. The heat will now flow from the air to the wet
 

thermometer bulb.
 

The heat change is adiabatic; that is, no heat is gained or lost from 

outside sources (radiation losses must be kept to a minimum). The total
 

heat at saturation or at wet bulb temperature therefore equals the total
 

heat in the original sample.
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0 -, 

A dry bulb thermometer and a wet bulb ther. 
mometer. A. Thermometers; B. Mercury column; C. Wet 
bulb column distance below dry bulb reading; D. Dry 

bulb; E. Wick over wet bulb. 

EXHIBIT E-3 
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The accuracy of the wet bulb reading depends on how fast the air passes
 

over -he bulb. Speeds up to 5000 ft/min (25.4 m/s) or 60 mi/hr (96.6
 

km/,'h) are best but cen be dangerous if the thermometer is moved at this
 

speed. The wet bulb should be protected from radiation surfaces at
 

temperatures above normal (radiator, sun, electric heat, etc.). Errors
 

as high as ]5 percent may be made iF the air movement is too low or if
 

too much radiant heat is present.
 

Relative air mover.3nt is usually obtained by whirling the thermometers
 

on a single handle provided for this purpose. Exhibit E-4 illustrates a
 

pair of thermometers (wet bulb and dry bulb) assembled in this manner.
 

This is called a psychrometer. The wick on such a unit should be clean
 

and white.
 

TheLe are certain conditions and locations, such as narrow passages, in 

which it :Lc; difficult to spin the psychrometer. To obtain accurate 

results in these places an aspirating psychrometer is used as pictured 

in Exhibit E-'. 

HUMIDIY* 

Humidity is a term used to describe the presence of moisture or water 

vapor in the air. The amount of moisture that the air will hold depends 

upon the temperature of the air. Warm air will contain more moisture 

than cold air . The amount of humidity in the air affects the rate of 

evaporation of perspiration from the body. Dry air causes rapid eva

poration, which cools the surfaces of bodies and makes them feel cool. 

Moist (humid) air prevents rapid evaporation of perspiration; thus one 

feels warm although the indicated temperature may be the same for dry 

and humid conditicns. 
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EXHIBIT E-4
 

A sIn psychrometer. The wet bulb wick is 
mouniid on the thermometer that axtends the farthest 

(A.to the left. 
(Friez Instrument Liv., Bendix Avietion Corp.) 

EXHIiBIT E-5 

An aspirating psychrometer. Note the handy
calculating slide rule incorporated in the case. 
(Frlez Instrument Div., Bendix Avy:tcn Corp.) 

(ALT) 
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Air movement is an important part of the humidity effect on human com

fort. Moving air will improve perceived comfort even through the humi
dity is h.-gh. Also, if there is no ai, movement, the air around the
 
body will have a higher humidity than the rest of the air in the room,
 

and a person will feel more u.icomfortable.
 

Humidity is defined in two w ,ys: 

1. Absolute htunidity
 

2. Relative humidity
 

Absolute (Spcific) humidityu 

Absolute humidity represents the actual amount of moisture in the air. 

This is measur1ed as that moisture that is contained in each kilogram of 

dry aii.
 

Absolute humidity is measured in grains of moiscure; one grain is equal 

tc 1/7000 of a pound (15.43 grains = 1 gram). It can also be measured 

_n terms of vapor pressure such as in inches of Hg or in psia or kilo 

Pascals.
 

Relative Humidity
 

Relative humidity is a term used to express the amount of moisure in a
 

given sample of air in comparison with the amount of moisture the air
 

would ioid if saturated at the temperature at which the sample was 

taken. Relative humidity is expressed in a percentage as 30 percent, 75
 

percent, etc.
 

Reterring to Exhibit E-6, air at conditions denoted by Point B contains
 

111 grains of moisture per pound of dry air. Air at the saturated 

condition denoted by Point C for the corresponding temperature (850 F, 

29.4C) will hold 185 grains of moisture per pound of air. The relative 

humidity for air at Point B = 111/'185 x 100 = 60 percent.
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TEHPERATURE "F 

Illustration of a typical wafer vapor safurationcurve for air. Note that as the temperature increases, the
amouni of moisture that the air will hold also increases. 

EXHIBIT E-6
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The line between points A and B represents what happens when saturated
 

air is warmed. Point D represents what happens when saturated air is
 
cooled. The moisture represented by the distance between points D and E
 

is condensed out of the air, as 
air at the temperature corresponding to 
Point D (55'F, 12.8"C) will hold only 66 grains of moisture. Therefore 

the amount condensed is I1 - 66 = 45 grains 

A typical winter condition is represented by Point F. Saturated air is 

taken indoors at 30"F (-1.1'"C) and 100 percent relative humidity. It 

holds 24 grains of moisture at those conditions. If this air is heated 

to 75"F (23.9C) arid no moisture is added, its new condition will be 

represented by Point G. The amount of moisture in the air at this con

dition would be 131 grains. As the air contains only 24 grains at point 
F, the corLesponding relative humidity is 4,/131 = 18.3 percent. This is 

too dry for comfort, as evaporation will take place rapidly from the 
body and nasal passages, and one is likely to feel cold. Actual winter 

conditions iin homes ar-e often much worse than this, as relative humidi

ties of 8 percent to 10 percent are conmion. 

Air movement is also an important factor affecting comfort. If cool dry 

air is circulated post a warm body, the heat flow from the body will be 

increased. This actions tends to cool the body. In winter when a
 

considerable difference in temperature exists 
indoors and outdoors, if
 

there is no air movement within a 
room, the air may tend to stratify;
 

that is, the cooled air will sink to 
the floor and the warmer air rise
 

to the ceiling. By prcviding a certain amount of air movement in the
 

room the air will be agitated so that a basically uniform temperature
 
will exist throughout the room. Air movement can usually be
 

accomplished by means of fans located in air-conditioning units or in 

air ducts. 

Psychrometric Properties of Air
 

Psychrometry is the science and practice of dealing with air mixtures
 

and their control. It deals primarily with the properties of dry air
 

and water vapor mixtures, including specific heat, specific volume,
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liquid heat of vaporization or condensation, and the specific heat of
 

steam in reference to moisture mixed with dry air.
 

Tables and charts have been developed to show the pressure, temperature,
 

enthalpy, and volume o2 air and its water vapor content. The tables and
 

charts are based on the one pound of dry air plus the water vapor to
 

produce the air conditions being studied.
 

PsChromet-ric Chart
 

The psychrometric chart is a graph representing the temperature-pressure
 

relationship of air. The horizontal scale (abscissa) represents
 

tempeiauire, while the vertical scale (ordinate) is the pressure scale. 

The values along horizontal lines represent dry bulb temperatures in OF. 

The values along vertical lines represent grains of moisture per pound 

of dry air. This psychrometric chart may be used in connection with the 

wet and dry kblb thermometers to determine relaltive humidity under any 

condi Li oiis. 

This chart should be studied extensively because it illustrates the 

various air conditioning cycles and the results of mixing air of various
 

properties.
 

The various constant value lines are shown in Exhibit E-7.
 

psyhromtric Tables
 

The psychrometric table values permit much more accurate results because
 

the values are accurate to four and five places. However, considerable
 

arithmetic must be used to determine humidity and other properties for
 

air that is not saturated.
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EXHIBIT E-7
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L, / 

OR)-'i9L 17 

CRY" IfULl3 771P2 

Psychromefric chart line nomenclature. 
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Heating Cycle
 

Heating a certain spa-:e is defined as the warming of air in the space 
from outside tu the correct indoor conditions.
 

In a typical warm air heatingi 
 device, a heating cycle can be illustrated
 
by assuming that the reuurn air to the furnace is at 60°F (15.6 0 C) and 
25% R.H., that the furnace heats the air to 140)F (60.0 0 C), that a 
humidifier adds to warmed
moisture the 
 air, and, finally, that this
 
heated air mixes with the air in the room. As illustrated in Exhibit 
E-8, the line from point A to point B represents heating the air. The 
line between points B and C represents warm air passing over the humidi
fier (total heat is constant). Between point C and point A the heated,
 
humdified air is mixed, and the final result is represented at point D.
 

Cooling Ccle 

A cooling cycle involves lowering the temperature (db) of the air. 
When
 
this happens, as illustrated in Exhibit E-9 and the line from point A to
 
point B the 
relative humidity increases. Some moisture must therefore
 
be removed. This moisture ran 
be removed by using chemicals to dehy
drate the air or by cooling the air to the saturation curve and then 
removing the moisture by ccndensing moisture on the cooling surface 
(traversal from point B to roint C, then to point D). 
 The distance from
 
point C to point D represents the drop in vapor pressure or grains of 
moisture removed. Reheating to point E along a horizontal line from 
point D will decrease humidity. However, what more often hapneis is the
 
air leaving at point D is mixed with room air, which is at some inter
mediate condition between 85°F and 100F and(29.40 37.8 0 C). The mix
ture meets on the line between point D and point A. 
If one third of the
 
air by weight iz eased through a cooling coil, the mixer temperature
 
will be one 
third of the way from point D to point A, that is, to point
 

F. 
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The cooling cycle on the psychrometric chart.A. Condition of outside air; B. Partly cooled air; C. Aircooled to saturation; D. Air cooled to remove somemoisture; E.Dehydrated air reheated; F. Result of mixing
treated and unfreated air. 
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Comfort
 

Heat Balance on the Body
 

Individual comfort depends on how fast the body is losing heat. The
 

human body may be compared to a furnace using food as fuel. Food is 

composed largely of carbon and hydrogen; enegy contained in food is 

released by oxidation. The oxygen comes from air, and the principal 

products of combustion ar-e carbon dioxide and water vapor. Physicians 

call this process metabolism. 

The body is essentially a constant temperature device. Its internal 

temperature is kept at 98.6"F (37 0 C) by a delic-te temperature regulat

ing mechanism with the body.
 

The object of air conditoning is to assist the body in controlling its
 

cooling rate. This is true for both winter and summer conditions. In
 

sumner, the body's job is to increase its cooling rate; in winter, its
 

job is to decrease the cooling rate.
 

It is possible to compile a heat. balance for the human body and study 

the ways in which the body's cooling rate can be controlled.
 

As mentioned previously, metabolism is the process by which the body 

produces heat. This will be shown on the left side of the equation. On 

the right side will be the ways the body loses heat. 

Heat produced = Heat loss
 

M=+~q +q + q,
 

where
 

M = metabolism, Btuh, kJ/s 

qs = sensible heat loss, Btuh, kJ/s
 

qr = radiant heat loss, Btuh, kJ/s
 

q, = latent heat loss (evaporation), Btuh, kJ/s
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Two things can cause the body temperature to rise: fever or continuous
 

heavy activity. The body temperature will drop in freezing weather if
 

it is not properly protected.
 

The left side of the heat balance represents basal metabolism. This is
 

the amount of heat generated by an unclothed human at rest in an air
 

temperature of about 70"F (21.1'C). For an individual of average weight
 

and body build the basal metabolism is about 240 Btuh (70.3 J/s).
 

Except for design work relative to clinics and hospitals, the air condi

tioning engineer has only a passing interest in basal metabolism. The
 

people he must keep comfortable are clothed and have various degrees of
 

activity. So the left side of the heat balance becomes the actual meta

bolic level of the individual. This is the heat. generated by the in

dividual; it varies from 390 to 1500 Btuh (114 J/s to 439 J/s). The
 

metabolic level for certain activities can be found in Exhibit E-10.
 

The right side of the heat balance represents the heat loss from the
 

body. These terms represent the ways the body is able to keep itself at
 

a constant temperature. This is quite a remarkable feat, considering
 

that activity may vary from sleeping to heavy work and that activity may
 

occur in an air conditioned atmosphere or in the hot sun. Each of the
 

relevant heat loss terms will now be discussed.
 

Sensible Heat Loss
 

Note the "plus-and-minus" sign in front of the sensible heat term in the
 

heat balance. This means the body can either lose or gain sensible
 

heat. The key to this is air temperature. If the air temperature is
 

below skin temperature, the sensible heat term is "plus"--the body is
 

losing sensible heat to the air. If the air temperature is above the
 

skin temperature, the sensible heat term is "minus"--the body is gaining
 

sensible heat from the air.
 

Some of the heat liberated in a furnace is transmitted through the air
 

surrounding the steel furnace walls. Similarly, some of the heat
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EXHIIT E-10 

(TRA) 

Table 
Heat Gain from Occupants of Conditioned Spaces1 

TOTAL 
T
HEAT
TYPICAL OTALADULTS,DEGREE OF ACTIVITY HEAT xENSISLL LATENT 

MALEAPPLICATION 2
ADJUSTED H EAT HEAT 

TU/HR BTU/HR OTU/HR 

SEATED AT REST 
THEATER-MATINEE 

390 
 330 200 130
 
THEATER -EVENING 

350
SEAT tD. VERY LIGHT WORK 
390 

2 1 5 135
OFFICES, HOTELS, 
APARTMENTS 

450
MODERATELY 400 215ACTIVE OFFICE WORK 1.85OFF:CES, HOTELS, 

APARTMENTS 475 450 220NtANIDiPG. 230LIO0IT WORKIWALWINQ OR* OWLY RETAIL ANDDEPARTMENT STORES 550 450 220 
W ALP'It4C SEATED 
sTANOING; WALKING wALL1Jrj;; DRUG STORE SATED220230SLOWLY 

BANK 
SEDENTARY 550 500WORK 220

RESTAURAN 280 
LIERAT 490LIGIIT BKNC14 WORK 550ANCI4 2400405020310
FACTORY 


800
MODRATI 750DANCING 240 5 0
DANCE HALLWALKINO 3 MPH{ 010 850 
 270 
 580
 
7 BMODERATELY HEAVY WORK 

FACTORY 

BOWL ING 4 1000 1000

aILN LE 330 i 670 
HEAVY ORK 4FACTORY 1500 
 1450 
 50 
 940
 

lReprInte by permisiion from 1965 ASHRAE GUIDE and Data Book. 

NOTFS. 
I TnIhulaIod value nre bllseAd on 78 F fordry-bulb temperature.Adjusiv,-d total hant lain is based on normal percentage ofrmer,the gnin from an.dut femaile is85 percentorthat for an adult 

women, and children for the appiction listed. with the postulate that_nale 7Adju-Stel tctiil and that the ain from a child is perlcentofthat foranadult male.heat value for sedentary work, restaurant, ir.Judes 60 Btuh for f per individual (30 Btu sensible and 30 Btu latent).For bowling figure one person per alley actually bowling, and all others as sitting (400 Btuh) or standing (550 Btuh). 



liberated within the body is transmitted to the air in contact with the
 

skin. Although the deep body temperature remains at 98.60F (370C), the
 

skin temperature varies. The skin temperature will vary from 400F to
 

1050F (4.4''C to 40.6°C) according to the temperature, humidity, and
 

velocity of the surrounding air. If the temperature of the surrounding
 

air decreases, the skin temperature will also decrease.
 

The range of skin temperatures, at any location on the body, is com

paratively Small. A change of 10 degrees in room temperature does not 

produce a correspondinq change of 10 degrees in skin temperature. for 

instance, in one series of tests Leported, forehead temperatures ranged 

from 93 F (33.9'_C) in air at 64"F (17.8"C),, to 100'F (37.8 0C) in air at 

96 '35.6 C). So, as the temperature of the air rises, the difference 

in tempetature between the skin and the air decreases. At normal indoor 

winter tempeature, there is a steady of flow c' sensible heat from the 

skini to the ..u;-rounding aii . The amount of this sensibie heat depends 

upon the temperature difference between the skin and air. If this dif

ference decreases as the temperature of the surrounding air rises, less 

sensible heat will be transferred to the surrounding air. When the sur

roundinq air is at a temperature of about 70"F (21.1 0 C), most people 

lo.-e sensihle heat at such a tate that they are comfortable. If the air 

temperature r-ises to 80' ' (26.7 C), the sensible heat loss drops to 

zero. Ihe reason is that 80'-F (26.6 0 C) is an average skin surface 

temperature for an adult human. This is when he/she is indoors during
 

the heating season and wearing comfortable clothing. Tf the air tem

perature continues to rise, the body will gain heat from the air.
 

Radiant Heat Loss
 

The body gains or loses heat by radiation according to the difference
 

between two temperatures,
 

1. The body surface (bare skin and clothing) temperature, and
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2. The mean radiant temperature.
 

Mean radiant temperature is abbreviated as MRT. It is a weighted
 

average of the temperature of all the surfaces in direct line of sight
 

of the body.
 

If the mean radiant temperature is below the body temperature, the radi

ant heat term (q, ) in the heat balance is "plus". Then the body is
 

losing radiant heat to a surface it can "see". If the MRT is above the 

body temperature q, is "minus"----the body is gaining radiant heat. It 

should be kept in mind that the body loses sensible heat and radiant 

heat according to its surface temperature. For a comfortable adult 

normally dressed, the weighted average temperature between bare skin and 

clothed surfaces is 80 F (26.7-C). 

Surface temperatures have a pronounced effect on comfort. Suppose, that
 

during the lheating season, a person is working at a desk facing the
 

center of a rocwm with his back 5 ft (1.52 m) from the outside wall. The
 

wall surface temperature is 59"1F (15(C). Assume the air distribution in
 

the room is almost pertect--74F. at 2 in. (23.3°C, 5.1 cm) below the 

ceilings, 73' 1. (22.8'C) above the floor, and 73.5°F (23.00C) all around 

including the space between the person's back and the wall. Will he be
 

comfortable"' Fobably not. H1is radiant heat loss is so high, he will
 

feel chilly. What can be done to correct this situation? The tempera

ture of the wall surface cannot conveniently be changed. The position
 

of the desk might be changed so the, person's back is against an inside
 

wall. The surface temperature of the inside wall will be near the air
 

temperature--probably N3"[E (22.8"C). So the radiant heat loss will be
 

onethird of what it was. If the desk cannot be moved, what else might
 

be done? The tempeLature of the air might be increased by turning up the
 

thermostat. Increasing the air temperature will decrease the sensible
 

heat loss from the body. Suppose air temperature is to be maintained at
 

77F (25 C). This will decrease the sensible heat loss by the same
 

amount the radiant heat loss was decreased by moving the desk from the
 

outside wall. This balances the heat loss from the body. However, the
 

trouble is that everyone else in the room is too warm.
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Exactly the same thing might be true during the cooling season. One 

might be too warm because of the radiant heat the body gains from a warm
 

outside wall or window. Now the sensible heat loss from the body should
 

be increased by decreasing the air temperature. This puts body heat 

loss in balance, but everyone else in the room is too cool.
 

There is an important point to this discussion. It was assumed the air 

distribution was excellent; it was also assu~med the air temperature 

could be raised oL lowered at will. Even if these assumptions are true, 

everyone in the room will not be comfortable all the time. This means 

there is more to comfort than the effects of mechanical equipment. Good 

equipment [properly o)perateC will provide comfort in most instances. 

Building construction, building orientation, and the type of occupancy 

all influence comfort. 

Latent Heat Loss (Evaporation) 

The last term in the heat balance is latent heat or perspiration. This 

is always positive. Even at rest the human body requires about 100 Btuh 

(29.3 J/s) to evaporate moisture into inhaled air to keep the lungs 

moist. If it were not for this fact, lung tissues would stick together
 

and insufficient air would enter the lungs to sustain the body's life. 

It is possible to "see" the breath when exhaling on a frosty morning. 

This provides evidence thaL the air leaving the lungs has a high mois

ture content. 

Evaporative heat regulation is the body process that sustains life 

outside an air conditioned space. Suppose one goes outside when the air 

temperature is 100OF (37.8'C). The sensible heat loss is "minus" be

cause the body is gaining heat from the air. The MR' is much higher 

than the body surface temperature; the sidewalk, street, building walls, 

and everything the body "sees" is above surface temperature. Thus, the 

second term is also "minus" because the body is gaining radiant heat. 

To maintain its heat balance the body must lose energy by evaporation. 

Nature takes care of this by automatically by opening the sweat glands.
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Moisture on the body surface then evaporates. Most of the heat required 

to convert the moisture to vapor comes from the body. As long as the 

air will carry away the water vapor, the skin temperature will remain 
cool. This in turn keeps the deep body temperature at nearly 98.6 0 F 
(370 C). 

Moisture lost by the body, whether in exhaled air or from the skin, is 
in the form of steam at extremely low pressure. The body supplies the 
necessary latent heat to evaporate the moisture that it loses. 

Comfort and Effective Temperature
 

There appears to be no rule as to the best atmospheric conditions for 

comfort for all people. Under the same conditions of temperature and 
humidity, the healthy young man is slightly warm while the elderly woman 

is cool.
 

The comfort of an individual is affected by many variables. Health, 

age, activity, sex, food, and acclimatization all play their part in 
determining the elusive "best comfort conditions" for any paritcular 
person. "Hard and fast" rules that will apply to all conditions and to 

all people cannot be given. The best that can be done is to approximate 
those conditions under which a majority of the occupants of a room will 

feel comforable.
 

The qraph in Exhibit E-1f is based on the results of a test in which 
people were subjected to air at various temperatures and humidities. 
The coordinates of this chart are dry bulb temperature and wet bulb tem

perature. The straight lines sloping upwards from left to right are 
lines of constant relative humidity corresponding to various combina

tions of dry and wet bulb temperatures. The short, curved lines drawn 
across the humidity lines, and approximately perpendicular to them, are 

lines of constant effective temerature (ET). 

Effective temperature is not an actual temperature in the sense that it 

can be measured by a thermometer. It is an experimentally determined
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index of various combinations of temperature, humidity, and air movement
 

which induce the same feeling of warmth. In summer, most people who 

have been in a conditoned atmosphere for more than three hours will feel
 

just about as cool at 750F DB (23.90C) and 60% humidity as at 79 0 F DB 

(26.1 0 C) and 3O humidity because both conditions are equivalent to 71°F 

ET. Studies conducted by the American Society of Heating, Refrigerating 

and Air Conditioning Engineers (ASHRAE) in areas having relative humidi

ties betwen 30 and 70 percent indicate that 98 percent of the subjects 

were comfortable wheQ the wet bulb and dry bulb temperatures fell on the
 

730F ET (21.7'C) line. None of the test subjects were comfortable when
 

the laboratory conditions were held at 64"F ET and 790 F ET (17.8 0 C and 

26.1°C).
 

People doing physical work need a lower effective temperature for com

fort. Naturally, the greater the activity and the more clothing worn, 

the lower temperature must be the effective temperature for comfort. 

Although the latent heat liberated by people engaged in any physical 

activity rises markedly, the sensible heat liberated remains approxi

mately the same. FoL example, and average man seated at rest in a room 

at 80"F DB (26.7 C) gives off 180 Btuh (52.7 J/s) of sensible heat and 

150 Btuh (43.9 Js) of latent heat, or a total of 330 Btuh (99.6 J/s). 

Now if he does light bench work he will liberate 220 Btuh (64.4 J/s) as 

sensible heat and 530 Btuh (155.2 J/s) as latent heat. Note that with 

light actiity the sensible heat increased about 20 percent but the 

latent heat increased about 250 perent. Thus, the degree of activity 

ruist be taken into account in arriving at an effective temperature for 

comfort.
 

A portion of the latest work to come from the ASHRAE laboratory is shown 

in Exhibit E-12. Here four lines are marked "slightly cool", "comfort

able", "silghtly warm", and 'warm", and are called lines of equal ther

mal sensations. If the new data agreed with the comfort chart, the 

lines of equal sensation would be parallel to ET lines. 
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Along the "comfortable" line a rise in relative humidity from 30 to 90 
percent calls for a decrease in dry bulb temperature of slightly less 

than 1.10 C. Looking at the 71'F ET (21.7°C) line on the comfort chart
 

it 	 can be seen that the same change in relative humidity gives a de

crease in d.:y bulb temperature of about 3.90C. It is interesting to 

note that, from this, relative himidity does not seem to have as much to 

do with human comfort as people thought it did 35 years ago. 

Air 	Distribution 

Air introduced into a conditioned space should he distributed in such a 
way that within the occupied zone (floor level to 6 ft (1.83 m) above 

the floor) the:e are only minor ho:izontal or vertical temperature vari
ations c,,d :hatt the pioper ( 1 0ntity of a i- is delive.ed to different 

sectioO - ,,Iof L e ,pied pace wit-hout- drafts. A draft may be defined 

as a noticel[ Oaicr ,ent . Prafts are objo-ct ionable, but there must 

be aii m 9 :;otIi1 t t, 0cc',pied spi-f2 o the occoipants wiill feel uncom

fortabl 11,,t and m 's.'ture must )-,e ca rlc] away from f-he body as they 

are lih: oted or a s taqnant fi1 I of warm, moist air would envelop each 

occupant-.. The type of occupancy , the [hysi.,cal ar -angemnent of the room, 

the acceptal-Ie noist, level, and tihe degr ee of occupant activity all have 

a bearinq on the permissible ai r velocity in a conditioned space. 

Generally a velnci, ty of 15 to 25 fpm (.0762 to .127 m/s) is considered 

to be "still" air eiiile air moving at 65 fpm (.330 m/s) would constitute 

a draft to most people. 

In order to cool an air-conditioned space the supply dir is usually 

introduced into the room at 12 to 30OF (6.7 to 16.7 0 C) below the 

required room air temperature and at a velocity considerably above 15 

fpm (.0762 n's). Suppose a room wer-e to be maintained at 78°F (25.6 0 C) 

and the conditioned air stipply were introduced at 60°F and 500 fpm 

(15.6"C and 2.54 nv's). A good air distribution system for this room 

must do the following: 

1. 	 Entrain enough room air with the cold supply air that upon 

reaching the occupied zone the air stream will be warm enough 

not 	to be objectionable.
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2. 	 Reduce the air velocity before reaching the occupied zone to 

the 	point that there will be freedom from drafts.
 
3. 	Provide a turbulent, eddying motion within the entire occupied
 

zone.
 

4. 	Keep air noise from the supply outlets and retucn grilles below
 

the objectionable level.
 

While it may seem that these requirements are stringent, it should be 
pointed out that an air conditioning system may have the very best 
mechanical components (compressor, controls, etc.) and yet, from the 
owner's standpoint, be unsatisfactory if the air distribution is not
 

providing comfort for the occupants.
 

Outdoor Air 

A certain amount of outdoor air should be delivered to a conditioned
 

room in order to prevent noticeable odors. Wherever humans gather,
 

odors will inevitably appear. Sufficient outdoor air must be introduced
 
to dilute the room air and keep these odors below the limits or percep
tion. In addition to the odor problem, there is also the problem of 
keeping the atmosphere reasonably clear in rooms where smoking is per
mitted. 
 The smoke problem is, as a rule, more difficult than the
 

problem of odors.
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EQUIPMENT MANUFACTURERS 

The following list does not include all manufacturers, nor does it nec
essarily include all of the product lines of those that are listed. Listing of 
a manufacturer does not constitute an endorsement of its products. For 
more information on solar equipment manufacturers, contact the Solar 
Energy Industries Association, 1001 Connecticut Avenue, NW, Suite 
800, Washington, DC 20036, (202)293-2981. 

Alpha Energy Arco Energy Corp. 
7038 Convoy Ct. Sunburst Div. 
San Diego, CA 92111 7917 A Fruitridge Rd. 

(714)292-7811 Sacramento, CA 95820 

Controls (916)3834117 

American Solar King Corp. 	 Liquid-heating flat-plate collectors; heat 
exchangers7200 Imperial Dr. 


Waco, TX 76710 Armstrong Pumps Inc.
 

(817)776-3860 93 East Ave.
 
Liquid-heating flat-plate collectors; N. Tonawanda, NY 14120
 

evacuated-tube colh ctors; pumps; heat (716)691-8813
 
exchangers; heat pumps Pumps; heat exchangers
 

Ametek Power Systems Division Artech Corp.
 
1025 Polinski Rd. 2901 Telestar Ci.
 
Ivyland, PA 18974 Falls Church, VA 22042
 
(215)441-877fl (703)560-3292
 
Liquid-heating flat-plate collectors; Solar thermal storage units
 
controls; solar thermal storage units Bally Case & Cooler Inc.
 

P.O. Box 98Aquatherm, Inc. 
541 Main St. Bally, PA 19503 

(215)845-2311S. Weymouth, MA 02190 
Solar thermal storage units(617)337-4114 


Heat exchangers; solar thermal storage Bio-Energy Systems Inc.
 
units 221 Canal St.
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Ellenville, NY 12428 
(914)647-6700 
Liquid-heating flat-plate collectors; heat 
exchangers; heat pumps; controls; solar 
thermal storage units 

Campbell Scientifilc Inc. 

815 W. 1800 North 

P.O. Box 551 
Logan, UT 84321 

(801)753-2342 

Controls 


Compool Corp. 
1708 Stierlin Rd. 
Mountain View, CA 94013 
(415)964-2201 
Liquid-heating flat-plate collectors; 
controls 

Delford Industries 
82-88 Washington St. 
Middletown, NY 10940 
(914)342-301 
Evacuated-tube collectors 

Doucette Industries Inc. 
P.O. Box 1641 
York, PA 17405 
(717)845-8746 
Heat exchangers 

Easco Aluminum/New Jersey Aluminum 
P.O. Box 73 
North Brunswick, NJ 08902 
(201)249-6867 
Air-heating flat-plate collectors; liquid-
heating flat-plate collectors; evacuated-
tube collectors 

Enerdyne Corp. 
Hanover Ind. Airport
Ashland, VA 23005 

AshlndVA2005controls 
(804)798-1575 
Liquid-heating flat-plate collectors 

Energy Control Systems 
3324 Octavia St. 
Raleigh, NC 27606 
(919)851-2310 
Air-heating flpt-plate collectors; controls 

Energy Materials Inc. 
2622 S. Zuni St. 
Englewood, CO 80110 
(303)934-2444 
Solar thermal storage units 
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Energy Transfer Systems 
5001 West Waters Ave. 
Tampa, FL 33614 
(813)885-7656 
Liquid-heating flat-plate collectors; 
controls 
Fafco, Inc. 
255 Constitution Dr. 
Menlo Park, CA 94025 
(415)321-3650 
Liquid-heating flat-plate collectors 

F.E.C. Inc. 
4489 Goodland Park Rd.
 
Madison, Wi 53711
 
(608)222-3264
 
Controls
 
Ford Products Corp.
 

Ford Products Rd. 
Valley Cottage, NY 10989 
(914)358-8282 
Solar thermal storage units 
Grundfos Pumps Corp. 
2555 Clovis Ave. 
Clovis, CA 93612 
(209)299-9741 
Pumps 

Hilstead & Mitchell Co. 
P.O. Box 1110 
Scottsboro, AL 35768 
(205)259-1212 
Liquid-heating flat-plate collectors; heat 
exchangers 

Heliodyne, Inc. 
700 S. Fourth St. 
Richmond, CA 94804 
(415)237-9614 
Liquid-heating flat-plate collectors; 

cotr 
HeliothermW. Lenni Rd. 
Lenni, PA 19052 
(215)459-9030 
Liquid-heating flat-plate collectors; 
pumps; heat exchangers; controls; solar 
thermal storage units 

Heliotrope General 
3733 Knora Dr. 
Spring Valley, CA 92077 
(714)460-3930 
Controls 



HordiS Brothers Inc. 

825 Hy'ton Rd. 

Pennsauken, NJ 08110 

(609)662-0400 

Air-heating flat-plate Co!ectors; liquid-
heating flat-plate collectors 


Horizon Enterprises, Inc. 

710 NW Tenth Ave. 

Homestead, FL. 33030 

(305)245-5145 

Liquid-heating flat-plate collectors; 

pumps; controls; solar thermal storage 

units 


Hydro-flex Corp. 
2101 NW Brickyard Rd. 
Topeka, KS 66618 
(913)233-7484 
Heat exchangers 

Insolarator Solar Energy Products 
7926 Convoy Ct. 
San Diego, CA 92111 
(714)292-1857 

Liquid-heating flat-plate collectors; 
controls 

JBJ Controls Inc. 
1680 Fo:er Dr. 
Idaho Falls, ID 83402 
(208)522-2200 
Controls 

KTA Solar, Inc. 
13856-A Park Center Rd. 
Herndon, VA 22071 
(703)471-5405 
Liquid-heating flat-plate collectors 

Lane Maxwell Enterprises 
4303 Rawhide Rd. 
Pueblo, CO 81008 
(303)544-0278 
Air-heating flat-plate collectors; liquid-
heating flat-plate collectors; controls; 
solar thermal storage units 
Lennox Industrics Inc. 
P.O. Box 400450 
Dallas, TX 75240 
(214)783-5429 

Liquid-heating flat-platc collectors; heat 
exchangers; controls; solar thermal 
storage units 

McClintock Corp. 
7000 SW 62nd Aye. 
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Miami, FL 33143 
(305)666-1300 
Air-heating flat-plate collectors; liquid
heating flat-plate collectors; controls 
Morning Star MFG., Inc. 
138 Industrial Loop W. 
Orange Park, FL 32073 
(904)264-2649
 
Liqvid-heating flat-plate collectors
 
Noranda Metal Industries Inc.
 
Forge-Fin Division
 
Prospect Dr.
 
Newton, CT 06470
 

(203)426-4431
 
Heat exchangers; heat pumps
 
Novan Energy, Inc.
 
1630 N. 3rd St.
 
Boulder, CO 80301
 

(303)447.9193
 
Liquid-heating flat-plate collectors;
 
controls
 
One Design, Inc.
 
Mountain Falls Rte.
 
Winchester, VA 22601
 
(703)877-2172 
Solar thermal storage units 
Owens-Illinois, Inc. 
One Seagate 
Toledo, OH 43666 

(419)247-5000
 
Evacuated-tube collectors
 
Pace Corp.
 
555 Two Mile Rd.
 
Appleton, WI 54911 

(414)731-5281
 
Air-heating flat-plate collectors; controls; 
solar thermal storage units 
P. & S. Hardware 
905 W. Fifth St. 
Reno, NV 89503 
(702)329-1392 
Liquid-heating flat-plate collectors; 
pumps; heat exchangers; controls 
Phelps Dodge Solar Enterprises 
1590 South. Sinclair St. 
Anaheim, CA 92806 
(714)978-1122
 
Liquid-heating flat-plate collectors; pumps 

Precision Bending MFG., Inc. 
P.O. Box 4917 



Liquid-heating flat-plate collectors; 
controls 

Solar Manufacturing Corp. 
30958 Industrial Rd. 
Livonia, MI 48150 
(313)522-6223 
Heat exchangers; controls 

420 E. Tiffin St. 
P.O. Box 306 
Bascom, OH 44908 
(419)937-2226 
Air-heating flat-plate collectors; liquid
heating flat-plate collectors; heat 
exchangers; controls 

Solar Products Manufacturing Corp. 
I Alcap Ridge 
Cromwell, CT 06416 
(203)635-0266 
Liquid-heating flat-plate collectors; 
pumps; heat exchangers; controls; solar 
thermal storage units 
Solar Research Div., Refrigeration 

Research Inc. 

525 North Fifth St. 
P.O. Box 869 

Brighton, MI 4816 

(313)227-1151 
Liquid-heating flat-plate collectors; heat 
exchangers 

Solar Research Systems 

2116 S. Yale St. 

Santa Ana, (714CA 92704
540 -292Sunm 

Liquid-heating flat-plate collectors;controlsP..Bx17 
corol SCorning, 
Solar Span Corp. 
285 Queen St. 
Southington, CT 06489 
(203)621storage 
Liquid-heating flat-plate collectors;

controls 


Solartrac Inc. 

Zero Herbert St. 

P.O. Box 670 
Beacon, NY 12508 
(914)831-6435 
Pumps; heat exchangers; controls; solar 
thermal storage units 
Solar Uidimited Inc. 
37 Taylor Island 
Huntsville, AL 35801 
(205)534-0661 
Liquid-heating flat-plate collectors; 
pumps; heat exchangers; controls; solar 
thermal storage units 
Solar Usage Now, Inc. 

Solatherni Corp.
 
1255 Timber Lake Dr.
 
Lynchburg, VA 24502
 
(804)237-3249
 
Heat exchangers
 
Solex Corp. 
187 Billerica Rd. 
Chelmsford, MA 01824 
Liquid-heating flat-plate collectors; heat 
exchangers 
Sungrabber Energy, Inc.
 
5010 Cook St.
 
Denver, CO 80216
 
(303)825-0203 
Air-heating flat-plate collectors; liquid
heating flat-plate collectors; controls; 
solar thermal storage units 

aster Corp.

35 W. William St.
P Box 1077
 

NY 14830(607)937-5441 
Evacuated-tube collectors; heat
 
exchangers; controls; solar thermal
 

units 

Sun-Ray Solar Equipment Co. Inc.
 
Four Pines Bridge Rd.
 
Beacon Falls, CT 06403
 
(203)888-0534
 

Liquid-heating flat-plate collectors; heat 
exchangers; controls; solar thermal 
storage units 
Sunsav, Inc. 
6,4 S. Union St. 
Lawrence, MA 01843 
(617)687.0044 
Liquid-heating flat-plate collectors; solar 
thermal storage units 
Sunshine Unlimited, Inc. 
900 N. Jay St. 
Chandler, AZ 85224 
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Miami Beach, FL 33141 
(3,5)672-3191 
Heat exchangers 

Pyramid Controls 
421-16 N. Buchanan Cir. 
Pacheco, CA 94553 
(415)827-0160 
Controls 

Ramada Energy Systems Limited 
1421 S. McClintock Dr. 
Tempe, AZ 85281 
(602)273-4300 
Liquid-heating flat-plate collectors; 
pumps; heat cxchangers; controls; solar 
thermal storage units 

Raypak Inc. 

3111 Agoura Rd. 

Westiake Village, CA 91361 

(213)889-1500 

Liquid-heating flat-plate collectors 

Revere Solar and Architectural 
Products, Inc. 
P.O. i3-x 151 
Rome, NY 13440 
(315)338-2401 

Liquid-heating flat-plate collectors 

Rheem Water Heater Division 
5780 Peachtree-Dunwoody Rd. NE, 
Suite 400 
Atlanta, GA 30342 
(404)256-2037 

Liquid-heating flat-plate collectors; solar 
thermal storage t'rits 

Rho Sigma, Inc. 
Subsidiary, Watsco Inc. 
1800 W. Fourth Ave. 
Hialeah, FL 33010 
(305)885-1911 


Controls 

Rom-Aire Solar Corp. 
1909 E. 28th St. 
Lorain, OH 44055 
(216)277-5600 

Air-heating flat-plate collectors; heat 
exchangers; controls 

Sealed Air Corp. 
3433 Arden lid. 

Hayward, CA 94545 
(415)887-7000 
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Liquid-heating flat-plate collectors;
 
controls; solar thermal storage units
 

Solar Contrul
 
2525 W. Sixth Ave.
 
Denver, CO 80204
 
(303)534-4133
 
heat exchangers; controls
 
Solar Corporation of Areripa
 

105 North Hanks
 
Rome, GA 30161
 
(404)291-6956
 
Liquid-heating flat-plate collectors;
 
pumps; heat exchangers; heat pumps;
 
controls; solar thermal storage units
 
Solar Dakota, Inc.
 

520 20th Ave. SW
 
Minot, ND 58701
 
(701)852-2431
 
Air-heating flat-plate collectors; controls;
 
solar thermal storage units
 

Solar Design Associates, Inc.
 
205 W. John St.
 
Champaign, IL 61820
 
(217)359-5748
 
Liquid-heating flat-plate collectors;
 
pumps; heat exchangers; heat pumps;
 

controls; solar thermal storage units
 

Solar Energies of California, Inc.
 
11421 Woodside Ave.
 
Santee, CA 92071
 
(714)448-4300
 

Air-heating flat-plate collectors; liquid
heating flat-plate collectors
 

Solar Energy of Colorado, Inc.
 
4230 Fox St.
 
Denver, CO 80216
 
(303)433-8761
 

Liquid-heating flat-plate collectors; 
pumps; heat exchangers; heat pumps 

Solar Energy Sales, Inc. 
2499 N. Main St.
 

Walnut Creek, CA 94596 
(415)939-8838
 

Liquid-heating flat plate collectors; 
controls; solar thermal storage units 

Solar lqdustries, Inc. 
2300 Highway 34 
Manasquan, NJ 08736 
(201)223-8100
 



(602)963-3878 
Liquid-heating flat-plate collectors; heat 
exchangers; solar thermal storage units 
Sunwest Solar Systems, Inc. 
4024 E. Broadway Rd., Suite 1001 

Phoenix, AZ 85040 

(602)243-6171 

Liquid-heating flat-plate collectors; 

controls 


Sunworks, Di,. Sun Solector Corp. 
P.O. Box 3900 
Somerville, NJ 08876 
(201)469-0399 
Air-heating nat-plate cullectors; liquid-
heating flat-plate collectors; evacuated-
tube collectors; heat cchangers; heat 
pumps; controls 

Technitrek Corp. 

34701 Scvcnth st., Bldg. IB 

Union City, C.A 9-1587 

(415)794-8400 

Liquid-heating flat-pl:te collectors 

Thermal Energy Stc, ige Inc. 

10637 Roselle St. 

San Diego, CA 92121 

(714)453-1395 
Heat exchanger,; heat pumps; solar 
thermal storage units 

Tritec Solar Industries Inc. 
711 Florida Rd. 
P.O. Box 3145 
Durgano, CA 81301 
(313)247-8497 
Air-heating flat-plate collectors; heat 
exchangers 
Turbonics, Inc. 
11200 Madison Ave. 
Cleveland, OH 44102 
(216)228-9663 

Heat exchangers
 
United States Solar Industries, Inc.
 
5600 Roswell Rd. NE, Suite 380
 
Atlanta, GA 30342 
(404)252-1870 
Air-heating flat-plate collectors; liquid
heating flat-plate collectors; pumps; heat 
exchangers; controls; solar thermal 
storage units 
Vulcan Solar Industries, Inc. 
Six Industrial Dr. 
Smithfield, RI 02917 
(401)231-4422 

"uid-heating flat-plate collectors; 
controls; solar thermal storage units 
Western Solar Development, Inc. 
1236 Callen 

Vacaville, CA 95683 
(707)416-4411 
ILiquid-heating fiat-platc collectors; 
pumps; controls; solar thermal storage 
units 
Wilkes Sun Energy Systems, Inc. 
P.O. Box 1842 
Hobe Sound, FL 33455 
(305)286-5602 
Liquid-heating flat-plate collectors 
Ying Mfg. Corp. 

125 W. 157th S:. 
Gardena, CA )0278 
(213)770-1756 
Liquid-heating flat-plate collectors; solar 
thermal storage units 
Zomeworks Corp. 
1221 Edith Blvd. NE 
P.O. Box 25805 
Albuquerque, NM, 87125 
(505)242-5354 
Heat exchangers; pumps; controls 
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SOLAR PRODUT MTRIX 

ICntrl I Liqfl IEvaic. I I H.E. I Hm I Stor I Airft I Com. I Trck I Chill I ICS I Pham I 

kuw~ir~~p.AIo Erqne y Cor I I I I I II II II II II x I x I III I 
-uritx Solar 

Alpha ?7rqy 
l I I I I x I I I I 

AlIhl arm 
Am mrlan Solar King 

I 
I I 

x 
x 

II 
I x I I I x I 

x 
IIIIIII 

I I I I I 

Pawtk Power Sytm I x I I I I I x I I I I I I I 
Au4therv Inc. I I I I lxI xI I I I I 
AErrqyCom I Ix I I x i I I I I I I 
Arwtrong Raps I I x x I I I I I I I 
Ar ctI Corp. 1 1 I 1 I I I 
AtlanticSolarGroup Ilx I I I I I I I I I I I 
Bally Case &Cooler I I I I x I I I I I I 
Bio-Energy Systm IxIx I I Ix I x IxI I I I I I I 
Cmbqil Scientific I x I I I I I I I I I I II 
CopoI o I i x I I I I I I I I I I II 
Cor I I ErrV I ri.I I I I I I I I I I I I x I 
elfordIndustrim I I I x I I I I I I I I I I I 

CoxtteIndustrel I I InIu I Ir 
Easco Alum./KJ Al I. I x I x IX 
Enerdyne Corp. x I I I I 
Enery Control Syt.I X I I x I 
Enerqy Haretor I I I I I I I I l x I I I 
EwrqyMaterials IncI I I I I I I x I Ii 
Enrgy TranmferSyst I X I X I I I I 
F.E.C. Inc. I I X I I I I I I 
Ford Products Corp. I I I I I x I I I I 
General Err y Techa.I I I I I I I I I I x I 
&rurfoikmp Corp.I I I lxI I I I I 
Halsted I itcfhPr1 I I x I I I I I I I iII 
H*art Sun Track Cntr I I I I I I I I I x I I 

yirI Sli I I II 
el iotherx I x IxIx I x I I 
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SOAR PRIOUCT MATRIX 

ICrrtrl I qfl I Evac. I Pvaps, I H.E. I Hpvvm IStore I Airft I Conic. I Track I Chill I ICS IPfim 

He iotr'op @ wa I X I I I I I I I I I 
HordsotIhm, IrcI X I I I I I IX I I I I I 
,orizon Erit2rprium 1 1 I IiX i I x I I I I 

Hydro-flIexCo-P I I I I IX I I I I I 
Inwolarator Sol FrodI X I X I I I I I I I I 
JEJ Con'tr IsInc. I X I I I I I I I I I I I II 
Joule Solartron I I I I I I I lX I I I I I 
Koldua , Div H.E. I I I I I X I I I I I I I 
KTA Solar Inc. I I XI I I I I I I I I I 
Law 9laxwI Enter.I X I XI I I I IX Ix I I I I I 
Lrmox Inustries X X I X Ix X I 
Mrwr-Rutl1Electri I I I I I I I I I X I I I 
MkcClintock Corp X IX I I I I I Ix I 
tcDoll IDouglas I I I I I I I I I 

Norarna Mtal Indus.I I I I IX IX I I I 
Novan Enrg@y Irc. IX X I I I I I I I 
OrI I I I I I X I I I I I 

- i I I I X I I I I I I I I I I 
PweCorp. I I I Ix Ix I I I I I I 
P ar r X X I X x I I I I I 

ihelpsodg Solar I I X I I I I I I I 
Pracisicon Bend i nq6 1 1 1 l I I I 
Pyramid Controls I I I I I I I I 
Ramada Ergy Syst L X I i i i I I I I 
Raypak Inc. I XI I I 
RevgrSolar &Arch. I I I I I 
Rfwo WterHeatDivI Ix I I I I x I I I I I I 
R o, Sig" Inc. I X I I I I I I I I I I I 
Robii I I I I I i ix I 
Rc-Ain Solar CorpI X I I I IX I I x I I I I I 
Sealed Air Corp Ix Ix I I I Ix I I I 
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SaA PR£UCT ATRIX 

I CntrI I Liqfl I Ev. I PumpsI H.E. I Hpump I Stre I Airft I Conc. I Track I Chill I ICS I Phaie I 

Solrcorw I I I I I x II 
Solar Cmtrol I X I I x I I I I I I 

Solarorp of rICA XI x I x I X I I I I I I I 
Soiar Dakota Inc. Ix I I I I I X IxI I I I I 
Solar Er*rie ofCI I x I I I I I Ix I 
Solar Eretries of CO I X x Ix I x I I I 
Solar Emer y SaI i; XIX X I I I I I I I 
Solar Irdustri. Irc I x I I I I I II 
Soliar G.Corp. x I I I Ix I I II 

iar Products W6G I X x I x Ix I lxi I 
So IRmiiearchi Dv frigq I I X I I I X I I I 
Sol Res rdhSitsI I x I I I I I I I I II i 
SoIRes urre Intirrat I I I I I I I I x I I I 
Solar Span Corp Ix x I I I I I I I I I 
So]artrac Inc. IX I I Ix Ix I xx I I 
Solar Ulimitd Ir. X I X x x I x I II 
Solar Liae k1 Inc I X I i i I I 
So]athir Corp I I I I Ix I I I I 
Solex Corp I Ix I I Ix I I I I I I I I 
Solay Corp I I I I I I I I X I 
Surrabber Enirgy lx Ix I I I I Ix Ix I I I I 
Siurms Corp I I I ix I x I IX I I I I I 
Surr-Ray Solar Equip XI i x I Ilx I I I I I 
Suamay, Ire. I x I I I x I I I I 
Sur his i n i ciited I I x I I I x I x I I 
Svr st Solar Syst . I X I X I I I I I I I I I I 
SsiSolector Corp X X I l ix Ix I lxi I I I 
Techmtni;r.4 Corp I I I I I I I I I I I 
Theral Erergy SystsI I I I IX X x I I I 
Tritm: Solar Indus.I I I I Il I I I I I 
TurbonicInc. I I I I Ix I I I I 
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SLM PRIOOCT MATRIX
 

I CntrI I Liqfl IEvac. IPups IH.E, IHvp I trtIAirft ICorc. I Track I ChiiI I ICS I Phase I 

U. .Soiar Indus. I X I x I I X I X I I X I X I I I I I 
Vulcan Solar Indus. I X I I I I I X I I X I I I I 
Westei' Solar Div. X I X I I X I I I X I I I I I I 
hiteline Inc. I I I I I I I I I 
Wilkws Sin Ene yI I I I I I I I I 
Yazaki Corp I I X I I I I I Ix 
Yirg MFG. Urp I lXI I I I IXII 
Yor Div &rq Warr I I I I I I I I I I I X I 
Zc .1ogks, Inc. xI I IXI XI I I I I I I 

NOTE: Cntrl: Solar system controls
 
Liqfl Flat plate liqtuid collector 

Evac, : Evacuated tubular collector
 

H. E. Heat exchanger 
Hpump Heat pump 
Store: Thorrtll storage unit 

Airft Flat platto air collector 
Conc . : Concencraotr c.lector 
Track: Tracking svsster for concentrating .ollector 
Chill: Absorption Chiller 

ICS- : Integral collector storage DHW heater
 

Phase: Phase change collector
 

SOURCES : 

I. 	 Williams, J. Richard, Desia!,,n and Installation of Solar Heating and 
Hot Water Sstem.; Ann Artor Science, Ann Arbor I 1933. 

2. 	 The Svec Guide: Enerpv Product Soecifications, 1q85 SolarVision Inc 
1985.
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APPENDIX G 

SYSTEM IMPLEMENTATION AND OPERATION 



G. SYSTEM IMPLUIUMTION AND OPERATION 

PASSIVE SYS'1MS
 

Direct Gin/Sunsaces 

Direct gain systems and sunspaces are the easiest of the passive solar
 
cnergy systems to build and operate. Is is during the design stage that
 
careful attention .mist be given to placement, gldzing seleccion, build
ing integration, mass, shading, and venting. Once properly designed,
 
these systems require only standard conventional construction practices. 

During construction, special attention should be given to the tightness 
of the building envelope and proper installation of building insulation.
 
Glazing should 'e instal led according to manufacturer's instructions. 

Littl e or no maintenance is required beyond that required for the rest 
of the building's exterior (period.c cleaning of the qlazing and perhaps 
painting of exterior wood or occasional roof repairs). Seasonal tasks 
such as opening and closing moveable insulation panels or installing and 
removing exterior a nings may be necessary. 

The exterior surface should be cleaned with a masonry cleane- before
 
painting. Although any dark may be used on
color particularly rough
 

textured walls, flat black paint is preferred.
 

Glazing should be installed according to the manufacturer's instruc
tions. It must be airtight and water resistant.
 

As with direct gain and sunspace, Trombe walls require little or no
 
maintenance beyond periodic cleaning of the glazing.
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Trombe (Mass) Walls
 

Trombe -alls also require careful planning during the design stage. A
 

few additional considerations are discussed here.
 

As with direct gain systems and sunspaces, construction of these walls
 

requires general contracting skills. The junction between the inner
 

storage wall and the adjoining surfaces, including foundation, floors,
 

adjacent side walls, and roof, should be treated as normal construction.
 

However, details that permit direct conduction of heat to masonry or
 

metal exposed to the weather should be changed or eliminated. The
 

concrete wall should be thermally isolated from the metal frame of the
 

glazing system by wooden blocking and from adjacent conventional con

crete construction by preformed vinyl or rubber control joints. Founda

tions directly below Trombe walls should be protected with rigid insula

tion in the same way as perimeter heating systems in slab-on-grade con

struction.
 

The interior finish of the Trombe wall should not prevent heat from 

reaching the room. It can have a conventional architectural concrete 

finish, such as exposed aggregate, and sandblasted or brushed surfaces 

may be used. The surfaces may be sealed and painted any color. A plas

tic skim coat or plaster may be used. However, sheet materials, such as
 

wood or hardwood paneling, should not be used. Gyspum board can be used
 

only if excellent continuous contact between the board and the wall can
 

be obtained, which is difficult. Concrete finishing work may require 

subcontractors on the job site at other than normal times.
 

ACTIVE SYSTEMS 

Preinstallation
 

As a rule, all major components of most active systems are specified by
 

the system designer or kit manufacturer. Before beginning the installa

tion, the following information and answers should be obtained:
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The Siloplier
 

Has the supplier of the major systems components been selected? Is hel.p
 

from the supplier readily available? Are replacement parts easily
 

available? Is the suppiler's deilvery schedule reliable? Some of this
 

information may be available from the supplier's other customers.
 

Legal Preparations
 

Has a building permit, if required, been prepared and approved? Have
 

zoning requirements, if any, been met? Which building codes will re

quire inspection of this installation? Will a licensed plumber be re

quired to connect the plumbing system? Will a licensed electrician be 

required to nake Lhe electrical connections?
 

System Sitinq
 

The collector array should be placed where it will receive the maximum
 

amount of sunlight available. A roof mount is the most common because
 

it reduces the changes of shading and keeps the collectors out of the
 

way. If a good roof area is not available, collectors may be ground

mounted. To minimize energy losses, outdoor pipe runs should be kept to
 

a minimum.
 

Collectot Orientation
 

It is desirable to mount collectors to capture as much of the sun's
 

daily rays as possible. Ideally, collectors should be aimed as nearly
 

as possible to true south, not magnetic south. However, vaiations of up
 

to 150 east or west of true south will have little effect on performance
 

if the system is running properly. It is not worth the added expense to
 

build a special mounting frame to point collectors true south if the
 

roof is pointed within the +150 limits. Beyond 15', additional calcula

tions must be performed to determine if the expense is justified.
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Collector Tilt
 

Collector tilt (the angle the surface of the collector makes with the 

horizon) is also an important factor in system performance. Ideally, 

collectors should be as nearly perpendicular to the sun's hottest rays 

as possible. 

Collector Shading
 

No more than 5% of the collector area should be shaded between 9:00 A.M.
 

and 3:00 P..M. local Standard Time, when the greatest solar potential 

occurs. One of the major sources of shading is trees. Chimneys, dor

mers, other buildings, new construction, and even fences may also shade
 

the collector array. By knowing the altitude (angle of the sun above
 

the horizon) and the azimuth (angle between true south and a point on 

the horizon below the sun) of the sun throughout the year, shading 

problems can be determined accurately.
 

Other Factors to Consider
 

Collectors should be placed near or slightly below, the mid-line of
 

pitched roofs for best appearance. A location close to the ridge of the
 

roof exposes the collector array to increased wind loading and heat
 

losses.
 

Check to see if glare from the collector array will annoy neighbors or 

cause traffice hazards (particularly with ground-mounted collectors). A 

matte finish glazing material will help alleviate this problem. Col

lector boxes should be dark anodized if bare aluminum boxes create a 

reflection problem.
 

If the back of the collector is visible, an enclosure may be desirable 

to improve appearance, reduce heat losses, and protect the collector 

array from wind loading.
 

R630/8.de G-4
 

http:R630/8.de


Mounting Procedures
 

Hoisting Roof Mounted Collectors
 

A typical collector weights between 34 and 91 kg (75 and 200 pounds). A
 

method of hoisting the collectors to the roof should be planned well in
 

advance of the intallation.
 

There are several types of load lifting devices that could be used, such
 

as a bucket truck, cherry picker, crane, or foLk lift. A simpler device
 
is a roof hoist which may be temporarily mounted on the roof.
 

Manually lifting the collectors is possible, but it will require at
 
least two people. One method is to use two parallel ladders with two
 

people walking one collector up at a time. If the collector is out

fitted with flanges, temporary handles may be attached.
 

The so-called "push and pull" method utilizes one ladder as a steep
 
inclined plane. A rope is attached to one end of a collector. A person
 

on the roof hoists the collector while another lifts and guides it up
 

the ladder to prevent it from swinging out of control.
 

Precautions for Working on Roofs
 

Mounting procedures should be planned carefully to minimize the number
 
of trips over the roof. Gravel roofs are more fragile than they appear,
 

and the source of a leak in a gravel roof is not easy to locate. Walk

ing must be done carefully. Planks or plywood should be put down in
 

heavy traffic areas on gravel toofs.
 

Specially designed roofer's shoes are recommended on asphalt shingle
 
roofs. Shoes with heavy lug soles should be avoided because they can
 

damage shingles, especially in warm weather.
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Wind Loads
 

It is generally recommended that the mounting structure be built to
 

withstand wind velocities of at least 60 km/hr, (which impose a wind 

load of 40 pounds per square foot on a vertical surface or an average of
 

25 pounds per square foot on a tilted roof). Flat-plate collectors 

mounted flush with the roof surface should be constructed to withstand 

the .c:ame wind loads.
 

When mounted on racks, the collector array becomes more vulnerable to
 

wind gusts as the angle of the mount increases. Collectors can be up

lifted by wind striking the underside surfces. This wind load, which is
 

in addition to the equivalent roof area wind loads, should be determined
 

according to accepted engineering procedures. All mounting racks should
 

be cross-braced.
 

Positioning Collectors
 

The collector array must be parallel with the ridge of the roof. Dis

tance from the top of the collector array to the ridge line should be 
measured at each end and checked with a bubble level. A chalk line
 

makes a useful guide. The array must be sloped toward the inlet to
 

facilitate drainage at the minimum rate of 1/8 inch per foot (1 cm per
 

meter). A spacing of at least 1/4-inch (0.6 cm) between collectors
 

should be allowed for expansion and contraction which could loosen the
 

mounting.
 

Collectors with weep holes should be mounted with weep holes at the 

bottom. These holes allow moisture to escape because condensation can
 

damage some absorber surfaces. Holes should be loosely niocked with
 

glass fiber that will prevent entry of dirt or insects but will allow a
 

flow of air.
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Installing Spacers
 

On retrofit installations, collectors should be at least 1.5 inches (4 
cm' above the roof to avoid damage to shingles. Without that space, 
moisture buildup could cause growth of fungus, mold and mildew.
 

Spacer blocks of rot-resistant wood, such as redwood or cedar, should be
 
used between the collector and roof surface. Other types of wood can be
 
used if pressure treated with a preservative such as creosote or penta
chlorophenol. Blocks of PlexiglassR or other UV-resistant plastic also
 
can be used. Silicone sealant or fibrous roofing cement should be ap
plied liberally between the spacer and roof sufface, or use a neoprene
 

pad (this is illustrated in Exhibit G-l).
 

Instead of a block spacer, a mounting angle or clip can be used. It
 
should be made of a metal compatible with the metal of the collector box
 
and fastened directly to the collector box or flange, and bolted to the
 

roof with a compatible metal fastener.
 

Spanner Mounting
 

If the attic is accessible, a spanner mounting is recommended because 
the uplift force of wind of the collector array will be evenly distri
buted to the roof framing members. 2" x 4" (5 x 10 cm) spanners should
 
be screwed or nailed directly to the rafters inside the attic, perpendi
cular to the rafters. At least two, and preferably three, spanners
 

should be used. Holes should be pre-drilled through the roof. Spacers
 
large enough to accept the thru-bolts should be carefully mounted; they
 
must not be split. It may be easier to drill holes and insert thru

bolts before securing spanners to assure proper alignment of holes.
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Rack Mounting
 

Collectors may be mounted on racks or standoffs to achieve the optimum 

tilt angle. If the holes or clips on the collectors do not line up with 

rafters or trusses, collectors can be mounted on a rack and the rack can 

be fastened properly to the framing members. 

The rack should he constructed of slotted angle rails at least 12 gauge 

and about 1-1,,2" by 1-1/2" in dimension (3.8 by 3.8 cm); normally used 

to fabricate warehouse shelving. The rails can be cut to any length and 

bolted together. Tii- -ollectors should be bolted to the rail framework. 

Galvanic corrosion must be prevented here. The framework is lag-bo].ted 

or spannermounted to tht roof, and Loof penetrations carefully sealed. 

Asphalt tape may be used between the rack and the roof. 

Mounting Techniques for Flat Roofs 

On flat roofs, collectors can be mo. ted on uprights which are then 

fastened to the roof. The base of the upright is placed in a pitch 

container and both are simultaneously bolted onto the roof, by either 

the spanner or the lag bolt method (as illustrated in Exhibit G-2). The 

containkcr should have a lip to accept flashing, which is extended down
 

onto the roof surface. The container is then filled with pitch or 

roofing cement. Pitch pots require frequent inspection and do not have
 

lasting watertight qualities.
 

Plumbing 

The favored plumbing for active solar systems is sweat-soldered, type L
 

copper tubing. Type M copper tubing is also acceptable if it is allowed
 

by local building codes.
 

All joints in copper tubing in and near the collector array should be 

soldered with 95-5 tin-antimony solder to avoid joint failure at
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stagnation temperatures. Whi]e 95-5 solder could be used throughout the
 

rest of the system and should be used in a silicone system, 50/50 tin

lead solder can be freely substituted in those parts of the system that 

will be subjected to the extremes of stagnation temperature. Silicones 

and glycols demand well-soldered joints. 

Plastic Pipe
 

Polyvinyl chloride (PVC) pipe should not be used for hot water applica

tions. PVC pipe will sag at about 160°F (710) if not adequately sup

ported. This sagging prevents proper drainage or draindown of systems, 

make flushing out of nondraindown systems more difficult, and prevents 

air bubblis from venting properly. Polybutylene pipe will begin to sag 

at about 200o F (93°F). In general, extra care should be exercised when 

using plastic pipe. 

Pipe Runs 

Long pipe runs increase heat losses, pressure drops, installation costs,
 

1 

e.f may require installation of larger pipe. Pipe chases from rooftop
 

collectors should be run through closets and between wall partitions. 

If pipes must be routed through rooms, they should be run as near to 

walls as possible, remembering that there must be a 2 inch (5 cm) gap 

between two pipes or between pipes and walls, for insulation. Pipes 

that have to be brought into the house from ground-mounted collectors 

should be routed as directly as possible, minimizing sharp bends and
 

ells.
 

Expansion
 

All pipe should be 'hungor anchored loosely enough so that it can expand
 

and contract with temperatuLe changes. A 100 foot (30.5 m) length of
 

copper pipe will expand approximately 1 inch (2.5 cm) with a 100°F 

(56°C) temperature rise. Using silicone hoses as expansion joints is
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advised in arrays where there is no room for pipe expansion, Standard 

corrugated joints made of copper alloy are also available. Elbows will 

allow for some expansion. 

Sizing
 

Typically, 1/2-inch (1.3 cm) pipe is used in systems utilizing up to 

three collectors, but certain fittings (for pumps, etc.) will have to be
 

adapted to larger sizes. If total pipe runs are longer than 100 feet
 

(30.5 m) 3/4-inch (1.9 cm) pipe may be required. Headers connecting the 

collectors should be of sufficient diameter to ensure equal flow rates 

through each individual collector. 

Installation Type
 

Insides of all tubes or pipes must be kept clean. The ends of all pipes 

and tubing should be reamed out. Sandpaper or emery cloth should be 

used to clean the outside surface of the ends of copper tubing and the 

inside surface of all copper fittings before soldering. Surfaces must 

have a bright finish. Copper tubing should be bent (provided it is 

annealed or bending temper tubing) rather than use elbows ur other fit

tings. This will reduce friction losses. Sharp bends must be avoided 

and bending tools should be used. Eccentric reducers are encouraged to 

join horizontal pipe of different sizes to avoid trapping air. 

Reverse Return Hookups
 

It is desirable to connect collectors in a parallel reverse return mode.
 

In this mode, the distance the heat transfer fluid travels is equalized.
 

Balancing valves can be added for additional flow control if deemed
 

necessary by the engineer.
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Series Hookups
 

Collectors connected in a series mode obtain higher temperatures, there

by reducing collector efficiency. Series hookups are not recommended
 

for solar DHW systems unless specificed by the engineer.
 

Insulation
 

Insulating active system plumbing prior to system startup is an impor

tant part of the installation Procedure. Pipe insulation can typically
 

be of the closed-cell foam type. All exposed pipes in the collector 

loop and all parts of conventional DH1W systems, except the city cold 
water supply, must be insulated. All elbows, tees, valves, silicone 

hoses, pumps, and plumbing require insulation, butting right up to the 

collector array and stocage tank. Insulation can be gouged out or 

pieced to fit over plugs and other hard-to-fit components. The pump 

motor housing, tempering valves, tops of air vents, and openings in 

vacuum breakers and relief valves should not be insulated. 

The type of insulation best suited to a given installation depends on 
local costs, availability, job requirements, and insulating qualities of 
the materials. For pipe under 1-inch (2.5 cm) diameter, insulate at 
R-4; for pipe over 1-inch (2.5 cm) diameter, insulate at R-6. 

PUTPS
 

In an active solar system, the pump is usually a low-horsepower centri

fugal circulator of about 1/4 to 1/25 horsepower. This pump may be 
specified by the engineer or included as part of a total parts package. 

Pump Installation
 

The pump(s) must be electrically connected on a separate 15-amp service
 

line to prevent any possibility of overload and pump failure. The pump
 

shoul] be located on the supply side of the collectors, as close to the
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supply as possible, and below the top of the tank to retain its prime. 
Pump manufacturers' literature should be consulted for proper operating 

positions. Bearings on some pumps will wear out rapidly if the motor 

shaft is not in a horizontal position. Position of flow arrows on the 
pump must be checked to verify that flow is in the proper direction. 

The pressure gauge also will indicate if the impeller is running in the 

right direction. Some pumps can easily be installed backwards. Make
 

sure adequate support is required on both sides if the pump is heavy 
enough to need support. Pump location should facilitate maintenance. 

The pump can be insulated, but the motor housing must not be, or the 

life of the pump will be greatly shortened. A strainer with a brass or 

stainless steel screen must be installed ahead (upstream) of the pump to
 

remove metal filings, sediment, etc. that might damage the pump, clog 

collector passages, or cause galvanic corrosion in the system.
 

Valves and Gauges
 

Special attention must be given to the selection and placement of
 

valves. The system may have a collector loop separate from the regular
 

plumbing and may use toxic or nonrotable heat transfer fluids. A vari

ety of valves and components arcs often needed; they will vary slightly 

from one packaged system to aviotheu. 

Check Valve (One-Way Valve)
 

Check valves are designed to permit liquid flow in only one direction. 

They should be installed in closed-loop systems to prevent reverse ther

mosiphoning of heated water from fhe storage tank into the collector
 

array.
 

Pressure Relief Valves
 

If the system is not operating and the collectors reach stgnation tem

perature, the pressure relief valve will permit steam to escape and pre

vent damage to the system. The relief valve may be installed anywhere 
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along the closed loop, but the general practice is to install it in the
 

return side of the loop near the expansion tank and on the suction side
 

of the pump. There should be a relief valve installed between all 

valves that can be closed manually or automatically. Collectors must 

not be allowed to he isolated without a relief valve in the line. The 

relief valve should be installed either after pressure testing or 

plugged during the test.
 

Tempering or Mixing Valves
 

This valve is used to add cold water to water from the storage tank that 

exceeds a present temperature, usually between 1200F and 140'F (49 0 C and 

600 C). In DHW systems, this allows the collection of hotter solar

heated water while protecting users from being scalded. It should be 

installed 12 inches (30.5 cm) below the hot water outlet, with cold 

water entering from the bottom. 

AiL Vents
 

Air vents eliminate air bubhles from the system. Vents are installed at 

the high points in the system, usually in the collector manifold and 

above the air eliminator. 

Automatic float venits are most commonly used. The caD on the automatic 

air vent must not be tightened; it should sit loosely on the threads. 

It is there only to pLeven~t entry of dust or water which would clog the 

port. The vent must be mounted vertically on the top surface of the 

pipe or manifold. 

Air Eliminator (Air Separator) 

An air eliminator also removes air from the heat transfer fluid. The 

fluid flows across a series of baffles that causes air to bubble up out 

of the fluid stream. Air is then eliminated through an automatic air 
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vent. Eliminators are usually installed above the expansion tank and
 

include threaded fittings that will mate with most tanks that would
 

typically be used.
 

Balancing Valve
 

A balancing valve can be used to control the flow of ' t transfer 

fluids through each collector panel in those systems tha not have a 

reverse return piping arrangement. A proper flow velociL, thouah each 

collector is necessary for optimum efficiency. The simplest and least 

expensive type of balancing valve is the square head cock, which is 

installed between each collector an the manifold, downstream from the 

punip to prevent cavitation. Ball valves or globe valves are also com

monly used. A gate valve mu~t not be used for balancing.
 

Vacuum Relief Valves
 

Vacuum relief valves are used in draindown systems and are installed at
 

the high point of the system above the collector. This valve permits
 

the system to drain by admitting atmospheric pressure into the return
 

piping. It is sometimes installed abeve the cold water inlet of storage
 

tanks to eliminate vacuum conditons that could collapse the tanks.
 

Isolation Valves (Shutoff Valves)
 

Isolation valves shrould be installed to permit certain components to be
 

seLviced without having -odrain and refill the system.
 

Isolation valves should be placed at the following locations:
 

1. 	One on each side of the circulator pump and its associated
 

strainer.
 

2. 	One at the cold, or city water, supply inlet (to shut down the
 

entire system).
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3. 	One on either side of an external heat exchanger for servicing.
 

4. 	One on each side of the screen or strainer (ahead) of a pres

sure regulator.
 

Isolation valves sirould not De installed in a way that could isolate
 

collectors from pressure relief valves or temperature and pressure re

lief valves, and the expansion tank. If this occurs, collectors could
 

burst during stagnation conditions.
 

Boiler Drain Valve
 

Thu~e~ should be one boiler drain valve at the bottom of the storage tank
 

for draining and periodic cleaning. There should also be two on the
 

collecto. loop near the storage tank. These two valves are used for
 
"charging up" the system using a pump and they should be separated by an
 

isolation valve, which can be closed for system charge-up until the air
 

is purged. After the system is charged and capped, remove the valve
 

handles and label the valves with the charge-up date.
 

Pressure Gauge
 

A suitable preessure gauge should be installed on the collector loop
 

or on the top of the air eliminator.
 

Expansion Tank
 

An 	expansion tank is a necessary component of a system which has a
 

closed circulation in the collector loop. As the temperature of the
 

heat transfer fluid in the loop rises, the volume of fluid expands. The
 

apparent expansion rate per degree of temperature rise will depend on
 

the heat transfer fluid.
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Installation
 

The expansion tani' should be placed on the suction side of the pump in
 

the collector loop. A diaphragm tank can be installed either upward or
 

downward without seriously affecting performance. Downward installation
 

is preferred to reduce heat loss. A pressure gauge should be proviaed
 

by the manufacturer for installation with the expansion tank. The valve
 

must not be adjusted. The air side of an expansion tank is pre

pressurized by the manufactu:er. If it is necessary to change the air
 

charge in the tank, this can be done via a threaded valve on the tank
 

bottom. Butyl rubber diaphragms will deteriorate when in contact with
 

oils or water/'glycol heat transfer fluids. If glycols are being used,
 

the diaphragm should be of neoprene or some other suitable material.
 

Oils require a nondiaphragm expansion tank.
 

Storage Tanks
 

Water is by far the most common storage medium in an active solar sys

tem.
 

Single-Tar vs. Two-Tank Systems
 

A backup conventional domestic hot water (DHW) heater can be installed
 

as part of a solar DHW storage tank or connected in series with it. For
 

example, a single-tank solar DHW system can be made from an adapted
 

electric water heater of sufficient size by disconnecting the lcwer of
 

the two electrical heatinQ elements from the power source. There are
 

also tanks now availabjle with one element in the middle for solar appli

cations. In draindown and drainback systems, the collector supply line
 

outlet is generally located in the lowest third of the storage tank to
 

draw out the coldest water and circulate it through the collectors so
 

they will work at highest efficiency. Conbining both auxiliary and
 

solar DHW storage in one tank does reduce the system's storage volume.
 

A one-tank solar DHW system will probably require a larger tank than
 

conventional DW systems.
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In a two-tank system the solar DHW t-ink serves as a preheat and has a
 

cold water inlet. Supplemental heating takes place in the conventional
 

DHW tank. Two tanks require more floor space, and standby losses will
 

be greater. However, in a two-tank installation collectors often will
 

receive lower inlet temperatures, improving their efficiency.
 

The source of auxiliary heat is also a consideration. Because a gas hot
 

water heater will not stratify, two tanks may be more desirable. An
 

electric backup with the lower element disconnected may function better
 

in a one tank conf:juration.
 

Inspecting Storage Tanks
 

After the tank is delivered to the job site, it must be thoroughly 

checked for obvious signs of damage. It may be wise to pressure test it 

before putting in in final position, because the tank may be difficult 

to move once properly placed. Check the cond'tion of the the in-tank 

heat exchanger, if there is one. If the heat exchanger coil is sus

pended in the tank, bouncing around durinq shipment may have dumaged it. 

Damaged tanks must be rejected.
 

Placing Storage Tanks
 

The best optimum storage tank location is near the existing components
 

with protection from moisture and cold, near the point of use, and in an
 

area where drainage, leakage, or valve-venting will not cause damage.
 

In most cases, this would probably be in a cellar or an enclosed porch.
 

Tanks should never be installed in areas where flammable liquids are
 

stored.
 

Installation
 

When installed, the storage tank should be leak-tested before insulation
 

is added.
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System Controls
 

The task of the controller is to enable the system to collect as much 

useful heat as possible and deliver this heat to meet the demands of the
 

system's users. The three basic components of a controller are the
 

sensor subsystem, the differential thermostat, and the output subsystem.
 

Sensor Subsystem
 

Sensors measure temperatures in various parts of the system and send 

signals to the differential thermostat. Several types of sensors are
 

used in solar applications. Sensors should be able to withstand collec

tor suagnation temperatures. Because the controller generally is cali

brated for a particular sensor, the sensors supplied by the manufacturer
 

should be used. One sensor is mounted at the bottom of the preheat 

storage tank and the other on the collector absorber plate or on the 

outlet pipe. Proper sensor location must be verified.
 

Differential Thermostat
 

The differential thermostat receives signals from the sensors and uses 

this input to control the system. It is usually factory-set for high 

and low temperature differentials to maximize the amount of heat energy 

collected and stored, and to minimize excessive cycling. This reduces
 

wear on pumps, blowers, and relays and minimizes the amount of power 

necessary to operate the system.
 

Output subsystem 

The output subsystem delivers the appropriate control voltages from the
 

differential thermostat to appropriate pumps.
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Switching is done either with conventional relays or with solid state
 

relay circuits. Conventional relays withstand momentary overloads
 

caused by accidental shorting or by ciose lightning surges.
 

Mounting the Control Panel
 

All controls and equipment must be properly grounded and plug-in con

nectors should have built-in grounds. All equipment requiring electri

cal connectors ever 50 volts should have a positive means of disconnect 

adjacent to and in clear sight of the controller and other equipment.
 

The system should ideally be installed on a separate unswitched circuit
 

or, if necessary one with a very light load. Failure of the controller
 

because of an overloaded circuit could result in expensive damage to the
 

system. Power supply to the controller is usually 120 volts. The con

trol system wiring is low voltage, usually 24 volts, and 20- or 22-gauge
 

thermostat or hell wire is normally used. Shielded wire should be used
 

if there is evidence of high voltage interference with the low voltage
 

signal.
 

System Startup
 

When installation is completed, the system must be checked for leaks
 

before it is charged for use. The type of system will determine what
 

leak test and charge-up procedure should be followed. Collectors must
 

be kept covered; manufacturer's printed instructions should be closely
 

followed.
 

Closed-Loop System-Hydrostatic Test
 

All elastomeric pipe insulation must je pulled back from joints and 

component connections and held by clamps during leak testing. All 

gauges, relief valves, and expansion tanks must be removed and their 
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openings plugged. These components may be damaged if tested at pres

sures greater than their design limits. All fill and drain valves must
 

be closed.
 

The collectors must be covered (they must be at a constant temperature).
 

The system should be filled with water and brought up to test pressure.
 

For best results, the system should be tested for not less than one hour
 

at 1-1/2 times maximum design pressure.
 

If leaks are observed during a check of joints, leaking joints must be 

tightent-d o, resoldered and the system should be retested. After the 

test, the testing media must be drained completely into a container in 

order to measure the system volume. This will determine the proper
 

amount of heat transfer fluid needed (or The amount of glycol needed to
 

make another batch of antifreeze mixture) to refill the collector loop.
 

Charging the System
 

After the system is Jeak tested, it must be flushed out and then
 

charged. The collector loop can be filled either manually from the roof
 

or by pumping from the lowest point in the system.
 

Flushing the System
 

All metal filings, solder, silt, and other contaminants not cleaned out
 

of the system during hydrostatic and drain line testing must be flushed
 

out. Collectors must still be covered and the controller must be off
 

(inoperative).
 

Fill and drain valves are to be opened and the isolation valve between
 

them closed. A small hi-head self-priming pump (of the type used to
 

pump out cellers) should be connected to the fill valve in the direction
 

of flow with the feed line hose in a large bucket filled with water.
 

This fill hose can be attached directly to the water supply. Another
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hose can be attached to the drain valve and routed to a drain. The pump
 

should run for 10-15 minutes. After this point, the strainer screens
 

must be removed and cleaned. Water cannot be used to rlush out any
 

systems or parts of systems that use hydrocarbon or silicone heat trans

fer fluids.
 

Filling From the Bottom
 

To fill, the flushing procedure is repeated with a burket of heat trans

fer fluid. The pump should be operated for about 20 minutes to purge 

air from the system by recirculating the same fluid. The drain valve 

should be closed and th(- system allowed to pressurize. At this time, 

the tL-,turn drain valve should he closed and the isolation valve should 

be opened. After the valve is opened, tiie pump is shut down and the 

drain is capped and tagged with fluid type, fill date, and emergency 

procedures. This inforrmation should be displayed on a wall chart by the 

switch box. At this time, operation of the controller is resumed in 

automatic mode and collector covers can be returned. 

Maintenance
 

All active s:stems should be inspected at least once yearly in addition
 

to any periodic maintenance that may be required for the components, A 

log of all system maintenance should be kept.
 

The outer glazing of collectors should be cleaned regularly. The col

lector sensor should be inspected periodically to be sure it is making 

good thermal contact. If the glazing is broken, the system must be shut 

down immediately and the collector array must be covered with a sheet, 

tarp, or opaque plastic drop cloth until the glazing can be replaced.
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ECT1",I 

T THE ROOT OF THE PROBLEM 
Moisture problems can be tricky to solve, yet with an understanding o
 

the basic controlling forces one can usually predict where, how, and when a
 

moisture problem could occur. In this section, the roots of most moisture
 

problems are explained, including climatic differences and the physical
 

forces that can affect moisture. How weatherization affects moisture's
 

iehavior is emphasized, and the range of general solutions to moisture
 

p,oblems iscovered, to allow the reader to relate basic principles described
 

iit this section to actual building practice.
 

Moisture Problems Can
 
Vary by Region or Climate
 

Although moisture problems can sur
face almost anywhere in the United States
 
iiconditions are right, certain climaie zones
 
and regions are more prone to particular
 
problems.
 

More than half the country is rnoder
ately or highly prone to wood decay due to
 
outdoor humidity levels (see Figure 1). In
 
many of these areas, mold, mildew, and rot
 
areconstant problems. [-ighoutduorhumid
itvcan also lead to considerable summer
hme cooing and ehvrMiidtcaiuon expense,
 
as well.
 

In locations where Januay' ternperaitures
 
average 35T-or below, wintertime con
densation problems can occur (see Figure
 
2). Buildings M this region need special
 
treatment to avoid condensation damage to
 
building materials.
 

Although climate differences provide a 

framework for looking at the forces that 

control moisture, building design and con
struction and occupant behavior also play 
critical roles with moisture troubles. 
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C3 AVL JAN. f(IUP!IRAMJP11S Of U-1 O BELOW 

FIG URE 2 
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Moisture Transfer,
 
Methods
 

Moisture can be present in a home in three AMVE 
(, ,It ImtIw, ,different forms: as a vapor (gaj), liquid or 


solid. Thus, a number oi physical facton /
 
ufluence moisture's behavtor in a home.
 
%",atcrvapor travels in two principal way.- 

air movement and diffusion. Lquid water 
 ,-•

travels by capillary action (see Figure 3). " . 
/ ....*A".Air ,novemnet is the major water vapor 


transfer method, in that more moisture i 1
 

mo~ed by this means than by the othe.i DIFFUSION
 
(VAPOR) fo, A, W WALL 

is largely determ ined by: WATIROKAWNUP ITAir movement AR A CT'IO CAPILLII 


several factor3, including vapor pressure, cNAfOI O, 


wind. conv-ction and temperature differ- I.uWO"3
 

trnct that set a "stack effect" in motion, WALI
 

(See Figure- 4).
 
In climates that require heme liesing U) '
 

winter, high wate-vapor pre-sure may be
 

created indoors when moist air is heated." "-,. .

(\Xater-vapor presure Is the contrbution -made by watr to the total atmospheric. 

presure.) Becaiuse high Napor pressure CAPILLARY ACTION
 

aiwavs setks to move rnoistui e toward GRaE: OR3n.u M
 

of lower vapor pressure, this warn, moist FIGURE3: MOtSTURE TRANSFER ME-tlODS
 

air tends to be driven through cr.''ks and
 

hole in the i,uiiding, where it can condense
 

if ternoeraturei are right, causing t'e poten- I
 

hal for deteroration of building materials. ,
 

tliawarm, humid climates that demand inte
" 

ror cooling, the high vapor pi essure can' ,.0'A Fu._._____--

comre from the outdoors, pushing moist air.?AQ LrU\7 

toward the interor of the house. -

As wind stnik a building, it creates: 
additional air pressure effects. -he upwind 
side of the building (the side hit by the .. 

wind) experiences higher pressure, with the 010%A "IPIU Z5 

wind pushing toward and into the building. T
 

Walls on the low-pressure or downwind;
 
side of the house may show more signis of .
 
moisture because the wann, moist air I I
 

being dra''n to the outdoors through that.
 
section.
 

The stak effect' illu.tratcs the fact that
 
, , tci Oro
 warm air alwavs ris. The higher the tem-t 

perature of the air, the greater the upward o I sop 

thrust or buoyancy of that air. As warm air. 

nes arid escap+.es throuO the upper regions 

of the house. it c,+eatn a lower Pressure '2 At 

situation in the io%. er areas. Cooler outdoor 

air is then pulled into the low pressure 

areas, and the cycle continues as tis air is 
warmed and nses. Z- ,.WW 

FIGURE 4 --. 

http:escap+.es


- - 

- -- -- 

t"i -"
Convection de nbes the ac"*of wam, 
moving upward untd it i5 cooled orFair

strikes cooler surfaces, such awindows. ____ - _ ___ 

As the air Is cooled, the amount of water 

vapor it can hold dcreases, and condtensa

. . .... 0......
.......
tion can take place. The cooled an then 

falls until it is reheated, and the process 2 ..... 


beginsover a-,m.Convecuioncurenitsocur __r_____.,
 

throughout the itenor space of the horne, .APPROXIMATE 

.
powered by temperature differences. Air 


movement through :onvection can also hap-

pen in caviti and other enclo'-cd -9 


. . 0 I areas of the buildIng, which can re-duct: he. 
Ithermal effectiveness of the Insulation, a% 


well as cause moisture problems (see _7' 


ure 5). 

In cold clinate, afier a house has beetn 


weatherTized by s.ealiiig, caulking and -,,.eath- IIM 


irsovcnldit 15rte-ucrd.enrtpping air lisair tiOW CONVECTIONFIGURE 5: 
and less heat and moisture escape. Tighter 

BRING NOIbrURE INTOCURRENTS 
homes usually have greater comfort levels WAL.L-S AND RItDUCE INSULATION 

and lower fuel bills. However, if there are a EFFECTIVENIF:3. I 
significant numb<, of rnoisture sources in a 

tight home, ventilation may nutbe greaL Vapor retarders .,lso are used to reduce 

enough to remove moisture as fast as ;t is inoiture transfer from capdlary action, which 
aproduced. And. , -'tremely tight iiouses. in,'olves liquid water being pulled from 

controlled ventilaticn through heat-recap- source through a porous matenal, such as 

turing devices, such :-.s air-to-air heat soil. that provides pathways for water 
vapor retarders don'texchangers, nust be employed to remove transfer. In this use. 


normal moisture build-up and potential indc)r actually stop the capillary action, but rather 


they prevent moiture troin enteriing the :ir,
air pollution. 

house.
.fter ahouse has bcen thoroughly sealed, which can then enter tile 


moisture transfer throughdifuswiori becomes 

Point
more important. Because the amount of Rel,tive Hum,h'itv and Dew 


water vapor that escapes through air move-


a nunimum, water When designing an insulation job for
ment has been cut to 
vapor must find another avenue of exit. new construction or retrofit for climates in 

Water vapor alwavy- attempts to move fsom the cundensation zone (locations where Janu-

high vapor pressure areas to low vapor- ary temperatures average 35°F or below), 

care must be taken to use vapor retarderspressure areas; thus, water vapor will pass 


directly or "diffuse" through building effectively. Thisdemandsknowledgeofth.e 


materal,. Water vapomr that penetrates a concepts of relati'e humidity and dew point 


surface may be cooled to the point where it temperatur+s. 


liquid or ice, which creates the Air temperature determines how much
turns to 
water vapor air can hold. Warmer air ispotential for damage. 


as vapor capable of hulding much more moisture
Vapor retarders (also known 
to slow diffusicn than cooler air. The temperature at which"barners") ai: allcw.ed 


through building materials. Good vapor air has bettj cooled to the point where 


water vapor condenses to liquid is called
retarders allow cry little water to pass 


through them; they should always be located the "dew point." 


on the warm side of the wall, ceiling or firor One goal with vapor retarders is to keep 


surface. Wvith some of the new cold-climate the warm, moist air in the house from com-


building technologies, vapor retarders are ing in contact with temperatures below the 


used to slow both air movement and water dew point. This is why vapor retarders are 

side of the surface.
vapor diffusion. If used in this manner, the located on the warm 


vapor retarder must be installed with great The cold side of these surfaces must be 


care; any air leakage points that remain backed with materials that can breathe, to 


will experience relatively greater vapor allow any moisture that dces not pass through 


pressure, as water vapor works to escape to escape. 


through the easiest route. To determine the dew point tempera-


H-5 

I
 
,\
 "
 

$'-0 

0 

0 " 

RELAIONSHIP OF OUTDOOR
 
IN ,MTASA,R,'O C F 

EIIAI AR0 

' 

. -, RiH- o 
4-- 

. --. 7-" :

0 $o$,o Wo 0,1,
 
EMPfRAURf F) 
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TO RELATIVE HUM~IITY if1HL 

FIGURE 6 

ture requirn that one know the air tempera-
ture ax'd relative humidity. Relative hurniditv 

describes the amount of moisltre air holds 

relative to the maximum it could possibly 
hold at any given temperature. (Relative 
huidity should not be confused with absolute 
huiniditY, which simply describes the total 

amount of water vapor in the air.) 

For example. assume that the outdoor 

air has a temperature of IOF and 70 

percent relative humidity. If this air enters a 

house ,,here it is warmed to 70'F. the 

air's relative hu,midity would fall to 6 percent, 

because the warm air can hold so much 

more moistul e than the cold I 0°F air (see 
Figure 6). Cool, outdoor air will generally 

have higher relative humidity than warm. 

indoor air, yet the indoor air could have 
much higher absolute humidity. 

The higher the relative humidity, the 

higher the dew point temperature. If ahouse 

has an air temperature of 70'F and tile 

relative humidity is40 percent, the surface 

temperature at which moi .ture will con

dense is 44.6°F. If the relative humidity 

fals to 14 percent, the dew point tempera
ture would fall to 20'F. 
' These examples illustrate that the higher 

th5 relative humidity in ahouse, the greater 

the chance that some surface will be cool 

enough (even in moderate or warm climates) 
tocauseconderisation. For this re.,son, keep

ing indoor relative humidity below about 

45 peent, if possible, ii a good way to 

avoid niany moisture problems that may be 
related to constantly high indoor relative 
humidity. 

http:allcw.ed
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fMPTOMS, CAUSES AND BASIC 
,LUTIONS TO EXCESS MOISTURE 

Recognizing and diagnosing moisture problems is the first step in solving 

source of moisure have been positivelyth-em. Once the symptoms and 
m several ways. Someidentified, the problem usually can be approached 

moisture problems c,'ui best be handled by a change in occupant habits or 

lifestyle, while other probIems demand structural repair or other improve

menes that are best handled by a skilled person. 
symptoms of excess moisture are identified,in this section, t-,e common 

and the most common moisture source-, b.,ith inside the house and outside, 

also are listed. Following each moisture source, possible solution5s to the 

protl,- n are presented, to make the reader more familiar with the range of 

solutions that could be applied tr" each problem. Also. DOE project 

to illustrate Low grantees disccvered, dealt with orexamples are given 
solved various moisture-related troubles. 

Detailed information on tackling specific moisture problems is presented 

in the next section, FL'uxng the Problems. 

Defining the
 
Problem: .Symptorns o 


Excess Moisture
 

can usu-


a i. be sensed in sci:;e ',;ay, though the
 

proce of detection cn orctirne bcdifficuit. SOIL 

Some symptoms ar.- eaaily seen, while oth- i
 

ers demand the use of our senscs of smell.
 

touch or hearing. Succe.fuIl detection is
 

based on becoming aware. doing a thor

ough search and t,sine all one's seeses. I CRAWL:PACE
 

Many symptoms oi e.\cets moisture are
 

.)ymptorn of exc.s: . e moistur" 

readily apparent and not casyil ovcrooke,., , signal• mold. milde, or rot. ,:'Ao, odo's~~~~~ 
i eemosehold acvitjet thatThus, focusmsg on ihe les-obvious syrrp- mrom cveryvda 

toms is a good habit to, adoot. Bear n mir to 1inger too long may be a s:gnal of less-

may be sea- I h m-adcquate ventilation.that some moisture s'mptcm5 

sonal ani in ay rcri bc evident during the z Dnpfeeling-Theen.ationofdrnp-
nesS is corarri n in areas with high relativetime of iunpection. For example, the soil in 


acral,space may appear dry inmid-winter; humidty. 

1-the subsurface could have a high e Mold,mildew--irowtisofmolAormdhowever, 

be sees in the form of a
moisture source from sturrer imgaton, dew can often 

this discoloration, ranging in coior from whitedrainage, or gro'r.d water. One clue, i 


situation, might be a darnp feeling when to orange, from green to brown to black. N' 


they ,an .tbe seen, they may often b<-noticedentering this area. 
as a musty odor. Mold and mildew areOne of the miieor challenges in solving 

excess moisture pr,-hlems is that one syrp- surface conditions that may ndiate that 

can have seseral csuses. Co.nversely, conditions favoring decay are pre'sent. 

one moisture source could be causing a o Discoloration, staining and tet-

large number of eemingly unrelated ture charnges---These are usually indica-

tive of somncdegree of moisture danmage, no 

tom 

symptoms. 
major matter -hat the material. These changesThe following list describes the 

appear a black or dark streaks or
symptoms commonly encountered in homes I may 

border a dis.coloraion. Thewith moisture problems: lines, which 

& Odors--Odor , increase inintensity'Ait area in qoestion may not be wet at the time 

high relative humidity. Musty odors may of inspection, but it obviously has been 

_ , 

. 

_ _ _ _ _ 

subject to some mcistare Sotuce.~ od,:y~- ot andiwood decay' ch.i 
Rot, deay-i I 

cate advanced moisture damage. Unlike 

surface mold and mldew, wood decay :ungs 

penetrate the wood and make it soft and 
or fruitedweak. Look for any type of rot 

bodies (mushroom-like growths). (Rofer to 

the Pick Tct in Appendix A for more 

a-loi-mati,. ondetecgwood decay.) Decy 

fungi grow n a temperature range from just 

above fre-zing to 10OF. Wood decay 

usually happems at a fast rate in the rddle 

temperature rar- . 50'F to 75'F if wood 

is more tban 30 percent saturated with 

moisture. Fungi growth is slow below 50'F 

and above 90F. At below f-eezing, fungi 
go dormant, and at 150'F, most spores 

are killed. 
e Water.carry-ng fungu--This fun

gis's special---i carries water across 

,urfaces, sometimes to distant locations. It 

I,oks like a fan, with vine-like strands ema

nating from it. These growths are papery. 

;.l_ ' 



____ 

and usually have a diiny, white color with a 
tigeofYelow, 7This fuhguvrfan can sprd7 

'o vr moist rdry:,woodl and can 6e found 
Lin d -behid 66 clas,on fram,. .ntA 

b~a o on amap oncte 
i-ig-c-wem ubfloors o nd c 

_ 
6 'Fog iii' wind aws,-Condensation 

~on ,kindows an tasmooth surfaces can, 
jbe a sign of excess misture, or the need to 

or warm the surface in question.'in Ulate , 
,6ePossibility is afaultyheatbng planlt,' 

orm'e o~hej flame-fired appliance, which 
4is causing excess moisture and combustionBa ic uto s o 

Too~ Many Interna1 Sources 
gassto eter~ the living space. Physical ture Pioblems :; 	

from 
Activitiesr-Unvented bathjc~lue fequet~sjrshadacesDomestic 

lnse. orohrr 	 ~~iooms,'and kitch~ens are Vacommon problem;&ucsoi~~~dr~~~ines~~~~~sot ore fmoisture cnbefudIthrunexplainable &ess&o or 
~Thii~possibility should be checked at once,. 

' Sweatig ipipes, Iwater leaks and 
di,ipping..Water vapor may be condens-

iuig on 'cold pipes, or, the pipes may be 
le~aking. 
:o rFrost and ice-Roof ice dams occur 
~both in'rcof valleys (where two--roof lines 
meet) and along the eaves. They frequently 
ocur when there is insufficient ceilig or 

atiinsulation and poor ven~tilation in the 

Sf, problems that are aggravated by the 

ieze.thaw cycle. Snow or ice melts as the 

snstrikes the roof and a-sthe i/(tenror roof mSur rnis-moisture. 
iuace iswarmed from within This'o

ture freez~es again whntemperare drp, 

forming daims that impedce drainage. Ice 

can bild up under shingles, which eventu-
ally can result inmoisture penetrating into 

the attic when temperatures rise. Frost or 
Iceon urace'is an indlication of possi-ny 

troblI I, 
i'. Paint peeling,,blistering or crack-
ing-Moisture may, be working from 
1outside or inside the home to damage paint, 

"'Amajor signal of moisture-caused paint 
damnage ii'.when the raw surface is exposed 

'between cracks or under bliter. 
0 Corrosion--CrrosicE oxidlation and 

rust on Imetal is a surm dlue that moisture is 
at wo k. 
jDeformned' w~ooden surfaces--

,; Wocdswells when it becomes wet, and it 

wtIarps, cups, and cracks when allowe-d to 
dr"~I ' Shrinking, war-pig wood can cause' 
~nw1arlkas in the home, mAilcing it less 

~"energy efficienit.. .problemA-

Cnrt n mAsory' efflore s_' jin occu'ncy 

ceceand-1chipping-Concrete or 
7'n slowsign of, eIloresec"a 

whe, p--dey Substan-ce or line-afeCT 

Fmoisture ha3: move-d through it._FreCze-' 
hepocs ,our-t 

~ '"1 	 '_' _.cusngchpping and ~crunbling. 
------g-------4
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FIGURE 8: NUMEROUS DOMESTIC MO -IST R YRCSCA ASEECES { 
MOS READHGIN OR EATEHMITY 

Connnjon Causes anzd windows and doors and other likely areas, 
apSo* 	

take action if needed. 
M i

inside and outside the home. Outdoor miois-
eouc uuaystmro themin 

causes. por driae bloced ai cicla_ 

Indoors, the situation is more varied .and 

complex, ore ag rmcoighb 
itst po cIrcul an.gB frocooingoheb 

mr Oomiseoucsdp05-
ble solutdons to eahprol thIeae 

Ican become fa.,uiliar With the problems~to' 

be experienced in thejhome. 
~ 

.; 'wood 

Indoor Causes 

Continually High Relative Humid-
ity Ind or*7Many soure of excess mcoi5s-

ture cnlatootiulyhgidor 
re'ative humidity levels, Prolonged high 

indoor relative humidity-'above abou 45 
percent-can cause a wide'are f 

problem. Check each Possible moistue 
source, and take corrective action. If in 
doubt, test for relative humidity, using the 
Relative Humkhdty Test descrnbed inAppen

dix A. 
Too Many Occupants; Small Build-
inigs--People, pets and domesitic activi-
tes generate moisture; buildings under 8W0 

square feet tend to beinor,e prone to mois-
d 

ture pirocblems. Check how manypcccupants' 

(both people and peis)lEyeinLhe buildin., 
If there isless than 250 square feet of living' 
Space per person or pet, tLhe~re could bea 

watch for seasonal changes 

IPossibleSohibdons: Lf ociciparicyexceeds f; 

'h above guidelines,: step up circulatio' 7 

and ventdatioon. Coanslderr dehurnidlification, 
A~lert,Qccupan"1 to try to reduce interior 

na<i~wndje5 
mn'anyraoabmnr.

0 

Look forrno 3turv'dl am atics, around 

cooking without lids, open-flame heat Ing 
nd cooking appliances, bathing, and hang

ing 'wet clothing and towels inside to dry 
Preu'ce excessive moisture (see Figure 

8), Lo-oume shower heads save energy, 
but generat geater amount's of water vapor. 

aditcxi houseplants and aquariumsnd 
otvacnroduce aconsiderableaount 
of~moisturce- Don't ve'n't clothes dryers to 

canadhihotorneaiehiiiiy 

the incooP; air pollution inay. result from 

6 n a'dypoucs'rdecs os 
ue may brmea ~blem.' Drying fire

inside the home may pro6duce excess 
' 

Possible Solutions: Use existing exhaust 
-equipment in kitchensan d bathroom Vent' 
clothesdryestothe ou~tcoom Install exhaust 
fan vents in the kitc~kn and bath if they 

ren' prsn. fa~o~ate ask occu
pnst eoi wrorosuegnrtn 
activity and voluntairily reduce moisture 
production. Step up overall ventlation, if 
necessary, th~rough windows, whole-house 
orloc" exhaust fans, o"r consider installing 
anart-arh-a exchanger if appropriate. 

Inadequate Circulation and Ventila
tion-Moisture becomes .trapped' when
 

air circulation'and Ventilaton are inadequate
 
Inide the hone, poor circulation of heat' 

can lead 'to condensation, pr'oblems, and
 
induatevnfiao highioistureareas
 

'such as kitchents and' baths can lead to
 
damage., If the hou-Ie has inadequate' vend- '
 

'.Iation'overall,' misture problems'may be 
the first clue.tjln attics, 'cn-wispaces and
 
other unconditioned struictural spaces, poor
 
circulation -or ventilation can cause a vIan
 

,.4£ety of problems. For instance, roof ice dams 


aswell asiattic condensatin problems may,
 
SU- '''~be caused by trappmed air wh en CdIng ,nsI. 

" '.,,~to tchrofsehigwtout allow 

[ui fr proper circutlation. 



Possible Solutions: Install externally 
i	ventig fans in kitchem and baths if needed. 

For localized moisture problems in the home, 
especlally unitoppable condernsatn, try 
aimung a small fan at the area to better 
circulate warm air. Provide circulation and 
ventilation inside the home by opening 
windows, considering ms-ventiation. and 
simrlaur trate . ,Nnair-to-airheatexchari 
should be considered tf the house has been 
bu 't or retrofitted wih an air-tignt vapor 
retarder. If a significant amount of ventila
tion is needed, a central exhaust fan could 
also be cons:dered. Irstall any needed vents 
i 	 attics and crawlspaces or other struc
tlral space. Chc nuisuhon for any needed 
repair or re-installation. 

Impropeir I.ep-ratm-eDifferences, 
Lack of I,uislation-Whein warm, moist 
air hits a cold surface, condemation cas 

ctmelnes cause water or frost damage, or 
lead to the growth of mold or nuldew. 
Rooms shut off frum heating sources or 
us-d only interrnitttstlv (such ,s bed~rooms 

or closets) are prime problem ,ra lin-ni. 
sulated walls and wIndows Itsheating-sex.son 

clmlates, at,d wall, cei!ilg or floor areas 
where insulation !.r.i-.sing or has shifted 
are other key loctias for this -ype of 
problem (see Figure 9). 
Possible Solutions: In 
climates, seal the infiltration leaks first. tl cn 
insuia:e. employing pioper vapor retarder 
techniques. Check existing Lisulaticn. insu-
late windows with additional glazing or 
treauneuLs that sel around all edges. If 
inulat:on is impos'ible, continuous circula- 
tion of air with a fan n the problem ar.a 
will help pre ,ent condensation. For closets 
or other out-,tthe-way place, better air 
and heat circulation can be achieved by 
leaving doors open or installing louv.rrd 
doors. 

Lack of or Improper Placement of 
Vapor Ret.irders ---lf you are in a ci-
mate where vapor retarders are called for, 
action may be needed. New, tighdy built 
and well-insulated homers or home3 that 
have been thoroughy -,veatherized have a 
greater need for a durable vapor retarder 
that has been carefully installed on the 
wasnn side of the surf'ce to stop moisture 
transfer t..rough bu.ldig materials. If the 
vapor retarder is installed haphazardly, 
every point subject to air leakage will expe-
rience pressure, and condensation may be 
damaging. Improper placement of vapor 
retarders isnot uncommon. For example, if 
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SE7_rLE. WALL
 

CONDENSATION
 
OR FROST
 

FIGURE 9: SETTFLED WALL INSULATION CAN LEAD TO CONDENSATION OR 
FROST ON COLD SURFACES. 

a bildiing maternal that is, in fact, a vapor 
retarder has bcrn installed on the cold side 
of the wall surface, moisture may be con-
densung in the walls. If a low-perm vapor 

Ieating-seasto	retarder is used on two sides of a wall 
surface, moisture may build up without an 
a,,cnue of escape. In areas of high ground 
water, the lack of a gound-cover vapor 
retarder in the crawlspace may allow water 
vapor to constantly enter the dwecling, lead-
mg to a variety of problems, 
Possible Solutions: Inspect materials 
onl the cold side of the home's envelope to 
determi-ic whether a sbeat'.-,g or siding 
may be acting asan unwanted ,aporretarder. 
Search for places where the vapor retarder 
may not have been italled, such as the rtu 
joi'ss, between floors. Install vapor retard-
e:-s are in conjunctionwhere they needed, 

with insulation work. 3-wa,
use materials 
that can Yreathe on the cool side of walls, 
ceilings or floors once vapor retarder are 
in place. 
Exampleis: A Nebraska Depart .et of 
Energy Appropi'ate Technology grantee 
experi nttedwithadouble-wafl, poleframe 
home cons-ruction system, te create a wall 
cavity that would hold from 8 to 10 inches 
ofinsulation. A polyethylene vapor retarder 
was employed on the inside, or warm, sur-
face of the wails. However, jointsandpene-
trations in the vapor retarder were not 
sealed. The result was that air infiltration 

11 r) 

causedaserious heatloss. Ifa vaporretarder 
is used to stop both moisture transfer and 
ai'r leakage. the retarder must be installed 
with great care, making sure that all 
penetrations, joints and other breaks are 
se,_'ed. 

A number of grantees reported install
ing vapor reta.rders on both sides of a wall 
surface. One granteeused this method when 
retrofttinga multi-unit row house. A 4 -rrul 
polyethylene vapor retarder was used as a 

sound insulator on both sides of a party, 
wall. between units. The seal with the vapor 
retarder was not airtight, thus moisture 
could accumulate in the wall cavity. Dou
ble vapor retarder must be avoided, f 
moisture is to be controlled. 7ls involves 
using vapor ret3rders on the warm side of 
the wall, ceing or floor surface and a 
breather material on the cool side, to allow 
any moisture that passes through to escape. 
Generaly, vapor retardersi should not be 
used in party walls. 

New Construction, Retrofit or Re-. 
modeling-New foundations, concrete 
floors, brick fireplaces, tapng of sheetrock., 
paintirg, gr_ennumber, wet wood oruncured 
masonry mateials contain ks enormous 
ar4bunt of moislure until the dwelling has 
dried. New, tighdy constructed homy. ae 
more prone to this problem and m 
longer to dry. 



wARM. STALE 
INDOOR AIR 

Possible So~utions: To facilitate the 

drying process, tihcre-e ventilation and 

circulation, both duing the buildingpro**s, 
if possible, and during the fint year'"of 

COOLED. STALE INDOOR 

ASAIs EXHAUSTED 

WARMED. FRH AIR 
I HOUSE 

occupancy. Avoid humidifier use. 
E..wnpl,:A Veronrt Apprpre Temh
,ology grantee, working with air-to-airlbeat 

exchanger, reported tLit corns.Lructiondrying 
can be spceded by .stallingand using the 

1 

,LOWS 
" . 

heat exchanger before construction Is 
comp/ete. In one test, an air-to-air he-t 

exchanger was installed in one lxous' on i 

rn/ti-house construction site, and it was j 
coot.[ r 3Ht C ONDEN SA&T O N 

SoNEAIN 

operated to reduce irternor humidity r"ons I 

the newly nstalled nypsum bo-si d. T.e 

granteereported ,ijat the walls of the h1-us

with the heat exchanger, in imvserc C1,Yand ready for paint in one-(puatrr t n

rler nous-sfifth he time requrero by the , 

(see Figure (1) 

Faulty or Problem F'iro.-ir.d Heit-

ing Plantz--FautN (!.rn-firY applianc-a 

used jor heating, water heatllle .rcooking 

can b, sources of moisture problems. \Vith-

out adequate cornbu.tio air, these appli-

ances can spill wale: .":,or and deadly, 

odorless carbon moriox,.. g into he liv-

ig area. Incomplete c,)mbustion is revealed 

by an excssively yellow or 'Aav tlame, 

and can cause drowsiness, recurring head-

aches or even death. \Vindow's that fog foi 

no apparent reason are another clue. Other 

type of heating sy sterns may also influence 
Note thatmoisture's behavior in the home. 

liquid propane ias produces more moisture 

during comioustioai than other systems. If 

wood heat is used, v.(ox stored inside the 

be producng ncr'e-s moisture.home may 
And, in tightly built all-elecric homes that 

have no chimneys, normal internal moisture 

sources can I.casionail, present problm. 

Possible Solutions: Check for blocked 

furnace vents, achimey blockage, a chim-

ney that is too short, insufficient combus-

tion air or whether the systrm is vented at 

all (unrented gas and keiosene heaters). If 

you suspect the flame-fired heating plant is 

faulty in any wav, call for help from the 

local utility or a contractor. Don't wait. If 

wood heat is used, store w(ood outside the 

home. when possible. 
Example: The amdofone 0hioAppro--

priate Techno/ogy grantee began cxpen-

mang unusual colds and frequernt heidad ss. 

Tie grantee's house as e-xtremely tight, 

and he traced the problem to his gas hot 

water heater. After the grantee isolated the 

waterheaterwith isulated walls and ducted 

HEAT FROM THERECAPTUREHEAT EXCH4ANGERS10: AIR-TO-AIRFIGURESTALE EXHAUST AIR AND CAN REDUCE INDOOR HUMIDITY. 

LulhirCLibustionaJL, thefami/y'ssynp-

toms .-nded. 

Problem Cooling Systems and Hu-
coolers (corn-midifiers--Evaprative 

manl,' known as "swamp colers"), hunsidifi-

cr5 and air conditioning urut, all can be 

sources of excess moisture or moisture 

problis.\ swamp cooler operates by 

drawing outside air through louvers in the 

cabinet where pa.sses water soaked pads. 

'The water in the pads absorbs the heat 

from ite air. \V,tcr isautomatically metered 

into the cooler to replace ,vanoration losses, 

thus a s.'amp cooler is a constant source of 

I moisture. The process of evaporation cools 

the air. while increasing indoor rdative 

hunidity. T hesre coolers are effective in dry 
exessciimates, but they may cause major 

moistur, ;roblensinhunid,warmlocations. 

U.sed in a new or newly retrofitted house, 

iomiidifiem only add to construIcnm moisture. 

Also, hiniriification after ahouse has been 

weathuSzed or tightened to reduce air leaks 

c-n cause trouble. With ,Ir conditioner, 

condesation is sorrnciuica a problem on 

ductwork or in floors, 

Poisible Solutionis: For swamp cooler, 

a'oid ue in ugh humidity dioates. If inter-

nal mousture or relative hurmidity becomes 

too high, discontinue us-. Use huidifiern 

only when needed. Otherwise avoid them. 

,-n unrnecessiary central humud-fcatibcn ys-

tern can be discortnctd, saing energy. 

The main overall action for air condiuoners 

is to keep the thermostat setting at 75"T or 
and toabove, to help save coolng dollar 

keep surface temperatures above th dew 

point. Drain air conditionrg coode sation 

to the sewer system or the outdoors, not the 

crawlspacr. Che-kforadequatecawLispace 
I ventulatrin. Check for air oxhtsoning ducts, 

and seal, insulate and add vapor retarders 

where needed. 

Plumbing Leaks--he beat way to check 

for plumbing leaks is to run each part of the 

system for 10- 15 minutes and watch-a 
listen for leaks. Check all accessible 

coinectins. and thoroughlyipect the house 

during the process. Ileaking pipes may be 

buried in a concrete slab floor or hidden in 

the walls. Find and tis all leaking plumbing. 

i 

Attached Horticultural Green
of itb many moisturehouses- Because 

sources, the attached greenhouse can cause 
Plants prefermoisture problems indoors. 

I relative humidity levels under 70 percent; 

higher levels cause greater leaf production 

at the expense of the fruit or vegetable. 

Check relative humidity in die greenhouse 

over time. Attached greenhouses can cause 
aremoisture problems in the wall they 

attached to, through condensation. In 

addition, drainage may be a problem. 

i Possible Solutions: Above all, provide 

adequate circulation and ventilation in the 

greenhouse. If greenhouse relative hurucity 

is high, avoid venting into the home. Pro

ide proer .xtc~l'or drainage away from 

the house and the greenhcuse. Avoid excess 

wateringofplants. Use proper vapor retarder 

and insulation techniques. 
Exannple:A Vermont .-\pproprtate "'ec 

ro/o&y'grantee, developed a s5inp/econcen
fortric tube air-to-air heat exchanger 

greenhou.es that may haie appicabilitY 
Tus type offor residential greenhouse use. 

heatI exchanger could be employed to deliver 

low hurmdity warm air to the living space, 

'hus avoiding moisture problems that stern 

from direct venting ot'grenhouse air into 

the home. 

http:greenhou.es


r ion and for foundl-	 hI 

min general, proper drainage is e-pe
daily '&iticaj. If.drainage problems cannot
 
be properly correted, try i creasing reSas

tance 'to moisture through' the use of wood,
 
preervatives claipproofnl g and, water

earth-seltered'on.3.. 	 "A" 

proofing. General solutions to each prob- ' hCV~ ~
 
lernare described below (see Figue I I)
 

.. ...............
- ~ P ; 'i~ii! i l 	 . . .

Sur-face''Water: Poor drainage of water
 
and moisture from raii,a-nd snow, and irri-
 v 

4 	gabonof neabyfoliageanld Llfs iscommorn,
 
~especially in locations with-clay-type soils. ,p
 
Possible Solutions: Check fr bckedOOR
 

POR. ri
downspoutis and gutters, or lack of rain GOOD: 

gutters Check for cracks in foundadions, FOOTING DRAIN .------------	 --------- NO DRAIN TILE 
TILE, PROPE------------------------ -IMROPE SLOPE, 

and install proper dampprooflng. -Check SLOPE, SEALED LEAKY SIDING'&"<-'' 

for proper soil slope away from the house. CRACKS, PROPER 	 FLASHING' 
1 	 . FLASHING, & RAIN 

new constructon, use proper perimeter GUTTERS " 

'IS FOR REDUCING.PROPER OUTDOOR DRAINAGE ESSEN71ALioapuigluAK m Airp.u. FIG URE:11T:
ateMISUREPRBES 

nooygrantee watdt build a cuncu 
that coud damage mnsu-51houseon ahillsidc.,The grantee noe lt Eape nO 1 pAppropriate Tech' 	 moistureIprole 


lation or ot'erWise cause problem Check
homes in the vicintitysufferedfrom flooding nology grantee found that many, homes i 


blems from surface water. Most homes the. area had dampbaements, Men he all places whre water drains fo
 
slope down' and awa from the house. In's all'employed sump pumps equipped with a !built his new solar honme, he 'used avariety 


battery powered back-up. inIcase,9f ower of.good drainage, tciiziques to avoid the" 'flashing 1-where, needed'o repa'ir'!curent.
 

............ 	 problem. These includedexterior insu'la
...... L'u 	 rje ,. - o dges3', Or ei ed thc pro7.. da o
outages. However 
a n pumps, some homes in the area still experi- oater e rper soil slope , tecve oerhang of theroof C 


ence base(nent floodiinj. gvttersi and dowTnsp'0Ubdran tile around 'to saeeiz& d stop leaking"water.
 
e

To 'avoid the flooding problems and 'thefoundaion, anid footins bult on high- xampl&A 'Connectcut:Applropri 

reduc enrg consuwtion, thegranteebuilt drainage gravel. 'Thgrntee also dlled Tehnology,grantee studed the fe'asibiity 

w~eep holes in the base of the hollow con- '-~of weteiainadsoariaino pub..sucsful passive drainage system that 	 ler 	 r r,,tantdta Exml:Aoiom ro 
crete block wail that allowed mioistuire to& lic buildingo-,One pr bken o'tidLwas that'involved installing drain pipe under and 


around the 'base of the foundation, sloping drain properly to th gravel base. 'His con- ', the buildirig'sflat ro a'd lyiht
 
crete floor featured agravel basecovered -were aconstant waterprobler -a7?problem ,

soil away from the house, installing proper 
dlown pipes and extender pipes. with a vapor-water barrier, 'over whichh that had bee&repaired unuce, v'je', ' 

'~guttexs, 

7he below,-grade, drain pipe slopes down rigid insulation was laid beforecocrete' crial~ti s uigt ~iis6 ea 

the hill to pro vide good graVity flow. (Similar was poured. Thec grantee reported that his' history. To ensure' a,positive< rc~t,',the~ 
contruction details are- illustrated in the foundation walls have remained dry. 'atecpo'os thait the 'sk ligh)be 

' 1	 d~ t-enext' sectin.) >'j ',d ;o 


Ground Water-if excess ground water, Soil Problemns-Clay- type soils that beor Mevaz'a o okisaamt
 

(high ,water table) usa sisei' r the expand when wetted can cause cracks 'in i
 
following solutions. To dettermiine if mois- the founcdation.' , NtSesnlC ng -Riai'
 

ture is wicking up through the ground'or Possible'Solutions: Provide fo'r draMn7 gainadgon ae al a hjg
 

us th thatshionl tim-esg ai~omn6 onain~tKth~~~a1,~emfrmteprobls~e'sinoAppaedi A.e~e'agprop"aa'rmteloea nd therouh then ofigra teai 

Posibeoluios dda ground water ely s i! 1ak~ll~ eduig pesure. '4 Other factors tht can chaneacilym 

'5ludes i lmo~istue content, 

capillafrmTeo 

soi 	 folige, ram',re'a-rder in' the cra%Ispace..' Ventilate the 
crawlspace. Fix basempent drainage through' ,Poo5 Constiction Details-flat 	 &now sufc ae'~dreav uni.i 
54'driitles dlrain'pipe or stamip pump, ledges laes 'for mostr topuddle, and~ the misturie prbleoccurs only:,e'-naxlly,requi.diuei'dn flshnhalat~~ 	 m-' Butand,~~se g--andnsorit 	 otbe f

"' Try fix'ngcrack3s'm'the foundatzon anueIinadequ~ate 
~' found,,tjonwaterprooflgordai pproofilng' I cause tobles. ' y 2.rndit rfn-- acio B1',sas 

lIn nw contruction, lay dwna misture IPossjbl'Sions epi poor~con- wtrpolmKa oci( as great 

barrier b-eore pourig con.......~..b flos I 5trcio'n'details'before'inssjlating, to avuid'drn'ge.,Chcck on 'the' 'siuationr sevralI 

C,'
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?~ 	 St 

fori 
times durig the year. Watch f'seasonal 

~change peariods: spring ami al. . 

- HibhOutdo'> umidity-Coitetly. 
high outdoor humidity can cause'a variety 
ofproblers,particularlybaihrcolingco~t 

*na~constant mid,mdew anddecay. Ve-
~tilating'crawlspaces, attics and interior liv-

~jnsace wth thi high humidlity air car, 
agpatc aliiiting mosw~polm, 

or eveni cause new ones. 

Possible Solutions: O the exterior of 
the homne, take measures to increase resu. 

t' 	 tance of wood to moisture, using pressure-
treated wl ; or wood that has been treated 

4with a fungicide preservative. Caulk and 
seal to stop moisture transfer and reduce 
heating or cooling co'k. In~cooling cliratcs, 

Sghten uip the h-i'rc with weteiz3o 

teii~us~si~'icathd ion,orid~ 

veiltn trws'c3ine3' 
hih outdoor hiimidity ad ieripr:ature.

d~~ xad.A ~ ow~ p ~ at Tc~ fal. 
Ex&'l:A Ia A prit T 7c

gra1o'ntee wanted to 'use cool base... 

menair o ieduce li4aicididlorungcosti 
'-du'n e suri~ e'i' HhhoudooreJbdV'C 

humi~ywasa poblem2, however causingj 
disomfort, sweating of waLls and pipes "Iin 
the ba& et and mold anid mildew. 

T~ gatededpd system that 
ruae am humid airfron the upstair3 

tothebase ent, whem th irwasmechani-

cally dchumidfflandthencooledbycon-
tac uithhebaswtwallandfloorsufa=. 
The cool air is then pumped back to the 

living, sace through the' ductwork for the 
heatingsyste~m. Before installinghis systema, 
the granterrortedreucedreladyehumid-

ity in the 40 percent range. The grantee 

H-1 

found hiiisjstc toe sucs(lwyo 
Irdcerolics and'aicreasecomfort,
 

tf~hou d djcbon. N~otetthaYths~~
 
gec ue ma-n isbkz rs
 

~ ha 1c' evels are high unless the2;~t 

mbitre (o raononbastein)ni Iori fris 
_ 

-b 

-dosei t~edwelling or items stored next to,~
 

''hFzs (such as firewood) can, block'air 
 i' 

circlation and. lead to mold ~imidew and 
other mostuire damage.
 
Pjossible Solutions: Cut back foliage to'~~
 

aflow for circuiadon .Move firewood or
 

other stored items away from the louse to, ) i'k
 
~avoid reducing circulation. High moisture- '~ 

areas can be treated with zinc oxide paint' 

10o avoid mold and mildw problems,, but
 
use of this type of paint should be pt to 'a
 

minimum asit isn't as long-l-asting a~s some
 

other types of exterior paint.~
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~XING THE PROBLEMS WV if$ 

choices must benmade ';: 
onc mi st~ure'problems ar correctly diagnosed 

bett eeyte.Sore problems can be ta'ckled WIth alow.;costa T~v 1on? how1 I 

Aa~ngein livinig hiabits, su~ch as usig4eistigbath~aMkitcn exhaust fan's 

caxef~iI evaut'~ A , n substlantial actioA )to fix.,: ~"~rv 

n illu an pret'ratesa number o 

a tei~l,tvadteTe idieofvaporretaraczadbtal 

14,++w_+to L I 't


Huwva 
ilatj,6*'als;floorsi and crawispaces;
 

SHow to determineventilationrequirementsforatticsanderawispacet5
 

aswell is ventilationrequirementsf~rkitchens an'd biathsandhighmoistuire,:-~~'
 

, W'entoavd voidjt ofcraawlpace5 andbasements with outdoor, 

air, includingia dicussion ofjdehumidification options;
 
*Evaluatingdrainageproblem's, incudingdetailsforcontrolifngs ufacc
 

and go-und wter, ''nd insulation of basements and foundations; . . . 
" 

How to protect the home from the elecnt, i ludin,+,e+s r-vi g
 

d and avoidingand oexposedmistuecausedpaintproblems.
i m 

aporRetarders 

I I I-I------IVapor retarders -have been Ised in 

mate fo h last several decadesK, he 

familiar term "vapor~ barrier" haus rect'ntly. 

beeri replaced with the tamn "vapor retarc,=
 
to avoid the misconception that vapor barn- 

ers s3top all moisture transfer, 'when ticy 
 R 

actually only reduce th~e rate of moisture 
C. . ..transfer , 

C oIncold-cliinate locations, vapor retard-

eshave traditionally~been employed to
 

avoid condensation by stopping water vaipor
 
Sfromi diffusing outward under pressure 9-A l UAIWU.1A C" O mIL 0 " ifOFn WLLL 150J 1 MNORA 

new infor- VflAPOR A47IAZM CU4115 W4 00 TIE WALL,'RtMthrough buildinig materials. But, 
FIGURE 12: THE? LOCATION 'OF VAPOR RETARDING 'AND HIGHmation shows that much more ruoisture is 

IN COLD CLIMATE 'REGIONS IS AN IMPORTANT ~ 
Ltransferred by air movemient t=,hrugh PERMEAILITY MATERIALS 

diffusion. T'hs, to~truly block ms os 

tuetase,,tevprrtarder M~usit lb winterijue heating and considerable su=- grain (or drop) of water per square foot ~ 
perbhour perunit vapor pressure difference.

carefullyUinstaled to stop air leakage, as mercooling arecalled for, thevaporrtarder 
The lower the perm rating of a material,,~ell sdifion, Vpir retaIrders thatstop may be on the wrong side most of the time. 


-air leakage ase amajor feature of the rew'Iadtin in warm climatesthe tempra-, 6b
btter'tbe materiaJ is at slowing~ Mi 

ture difference across the insulatioa tends tiiietan fe. ~ A-Vienryfiin osrcinadrtoi 
to be less, thus less moisture will mipate Koovintbeparatng ofamate"aI ' ppcns" ' 

criia w'c sing materials'forw~alls;V~iedersshoud alays eloated through the surface, and it is le"s likely that 
ea dwp''c, that does pass througl~'i'on the warm or hihhghvapor pressure,, side condens.ation wI occurcause de'otTo allo~w an roois 

red&toecp 'the ou~ter skinof the wall sufface .The'cold sie of th temperatureti will be high11,? v<pi 
2>4' o~f thewall~ l be ast sfiv'etirncs~>Ywall'mu-st be allowed to bre~athe "to~llow 

more pernxe&ble thaii the vapor rtardeT.~j;~any moisture that does not pass through to~ Using Perm RatzigsU 
T1~b 1:5. ra66 ahold be- appbe-d when'

cs-' arigure 1ao2).r~~fetvnesi~iiaunote 
Walnd ceiling vapor reiarueri ar no api eho:cfetivre 6maur4L a vapr etjder~ azid ls-o .when 4P 

i 'pens, whc t~d~otePre cho-sing sheathinig'a.tIe.nals~for the ouiter: ~~ 'recor.rme .nded inareas outside the conde--
n perim eulone skinof thehoe(3e table, (encricPerme.5tionzone (sFir2)we dIoh ac fth aeil )abofze'sain-gu 
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retrdtr 'tnwalls, party wails and founda.;PTRSEEROWAL 
74 ,.

that they later dis ove .. .. W ITH VAPOR RETARTDER 'aprac-ce-

lead, oproblems. ~ ' i ~ ~i4.'.could 

st :AJcomplcte instlalt tion-oo- vappar 7 
~:]reirden. If some areas of Lhe houseare 

missed or avoided during vapor re~tar'der ~ UPSTAIRS FLOOR, , ~ 
inistallaion, these'areas can become escape 
routes for 'water vapor. If th~e home has'' 
constantly hi indoor huridity. these areas 
can suffer 'de'ferioration over time. A typi-

cal whenthvaoreadriEVNULYCSSexampl isMOISTURE- ca ~,-~r* 
installed over walls and ceilings, but not'' 
rim jois'ts'(see Figure 13). 

*Haphazard installa tion of vapor 
ret arders, Vapor retarders are not effec
rive if they are not tightly installed. If used 
to stop air infiration as well as moistur 
transfe-r, the instailation must be extremell 

conscientious. :With polyethylene she-cting,' 

recoimmended) and takin care to carefully 
seal all breaks caused by ectrical and 
plumrbing runs. 

Cotiventional1 Insulation Retrofits 

S wails 	 FIGURE 13: WNATER VAPOR CAN MOVE THROUH THE RIM JOIST WHEN A 

VAPOR RETARDER IS INOT INSTALLIED 
Millions of houses have had wall cavities ____________________________________________ 

retroffited with insulation in the last decade, 
usually wvith 'the insulation being blown inPACCRKSAEL 
tion of the need for vapor retarders was 

raised by utilities and other agencies who 
were sponsc,'ing insulation work. A num
be-r ofstudies have found that while conden-

2' ation does occur, Usually, next to the coldm 
inner surface of thL. exte rior sheathing, wood 

rot arnd decay problCps seem to be depen-

dlent on local climatic conditions and are 

not prevalen~t.,
 

Researchers note that if moisture buildup 
within an insulated wail isn't extreme, it 
tends to correct itself. As the insulatior getsCAL 

44wet, the insulating- power decreases, and 
heat losses increase. The temperature inside'47 4''7'4'7 

or4r7+ ; :¢'+l i + + a : '7+1g 44+7 + ? ++h 44+wall then increase, and this slows furrthe 

74+ -7U i '¢++'744r 4-+'u~ 7':4>thercondlensaton and !tepsup evaporaion, 
W et insu lati. c a n po se p+ro blems in 

seyere cases. First, insulating power can 
4decrease dramatically if moisture content ii: 

hIrhIn"addition, wet insulation touching' 
el'ctrical ficture3 may cause a fl;-e hazard', 

land some researchers are fin~ding 'evidIence 
,iimoisture, may'rob cellulose insulaion 

oj~sflametardacy7 as thnoitr eiap0-
rates away. 

rRemcmrb-r that water Yap-or moves into 
itl~l~ by4 t ~ent and 

<K'~ ' 

I 
WATER VAPOR MOVES 
ESCAPE. WHICH 

thevapo DAMAGE 

!
 
RIM JIOIST WITHOUT
 

7VAPOR RETARDER 

WSTAIOR RETARERRWL 

4 '7 7 14: F1i~sT SE-AL THE 7 NSIDE.'THEN SEA.L THtE OtflSDE TIO REDUCEFIGURE 47t' 4 4+ < 
+	 + i , m + + ++ +i 4, 7747;•}: ';I AIR MOVEMENT A.ND.MOISTURE TRANSFER. 

WETEATI"ACAL 

ADOSTRM, AULX CAULKCLS 
NOINDOSUS 

F NG	 ,ZH 

WEATtIIASTKIF ::~~~~ iiii:	 1:i111.'7: 
CUKw.~ui' 

' 	 4L 

H,-1sT5
 

-
' 	 ,, _.o 44& i++4Z<+74 -+ 

' ' . 

diffusion, but air movement is the' more, 

Ihtw a l 7'4 '77b 4 7 yn a ir m o pi' 7v e m c a7i7-477 a n b e 

"powerful force. VlOr this reason, air leakage 

points should be sealed from the ioce of 
"thlhoiise as a first step in a conventional 

walltinsulationjob. Thismeans sealing;pen* 
etadmaon windows, doors, wh~ere' 
thewall meets the ceiling and floor, and any 
cz..acks br'ol in~wail surfaces.,Once air' 

lealkag'e poin~ts are, closed ,off,' then~ vapor 
4'reta-rde pa;Int Ca 	 4o4wal~ 

7 :. . .. .
 

suface somse, resistance to water vapor'
 
diffusio (eFigure 14).~'1
 

AicanCelgs-*""7
' td n e& 

Attic ventilationI sthe main strateV' to~ ~ 
avoid moisture problemns inattics an unti 
re tl i has bencommon1 not, to uselr"~j 

,6ghtly installed vapor retaridersi 'ith ~aitic 
insulationi *except -in the coldest climat#" 224 

4'.Te reason for this3 w;as that i 9a . .. ... . 

4 

4



i~~Ulate
inthe hoYapor re arder was used ii the walls, toos 

much moisture might accuat 
ihe ceiling also had atrvapr! r 

- aAny".water.sapor that..pac h b Pie' 

rugh! atticT,ven,3. f4 

uiounac.en.POLYETHYLENECELN 
However, with the mve toward using 

vapor reta~rde"sto Stop both air and mois
ture transfer, tighdy installed ceiling vapor 
retarders are becoming more commnoninal 

~'condlesation-zone locati~is for new COG 
1 rtrcton a aporAnd,sometxNyined 

rfFILL 
reiarder is the only way to avoid moist, 

damage if attic ventilation is lkely to be 
~inadequate, particularly with flat roofs or 

cathedral ceilings. 

i batt isulation w 1ithattached vapor retard-
w ers can be carefully and tightlystapled to 

Cthe rafters. For loose fil attic insulation, 
p e l cazi be cut into strips '"id 
tightly fitzed 6etween the joist. (see Figure 
15). Existing vents at the eaves must not be 

during the insulation retrofit. 
With greater ticness of attic insulation, 

care must ta-ken to provide 

Sblored 

bec additional
vniaina heae.Rigiden troughs

vtlo a
be installed on the underside of the roof 

c to pv and 

SIf a vapoi'retarder isn't used in the attic 

or ceiling, attic ventilation must b~gr,-ater 
thain when a Vapor retarder is uscd. 

and Floon 

~' In all climrate regions, ground cover vapor 
retarders are needed to stop moisture migrat-
ing up from the soil in the crawspaces. A 
tough, puncure-r.istant material (often 6-
mil polyethylene) is simply laid over the 
sod, and held in place with weights or 

bricks. For additional protection from damn-
agfrom foot traffic, alayerof &andcan be 

put 4over the vapor rttarda., As with attic 
~' ventilation, crawlspace venting can be less 
< fa good, Soil cover vaporretarder isused.7 

AVOID GAPS WHIICH1 
INCREASE THE
M O VEM E NTA N D 

RCONDENSATION OR 
FROST 

POTENTIAL FOR AIRHYLEN 

VAPOR RETARDER 

PATTINlA 
FATIIN UNEATH 
FIA GU ER NYEATHn 

OR BLOWN-IN ATC 

CEILING JOISTS 
4BI~BATT ENS HOLDPO LY ETH YLE TIGHTRA N TIGHT! 

AGAINST FRAMING, 

STRIPS CAN BE INSTALLED PRIOR TO LOOSE 
INSULATION. 

.
 

?-a CI"r ___m & m4 

f m 

P I M C1V4'" 4 

FIGURE 16: 
AT THE EAVES. 

FOUNDATIO 

CODCIAE 

VAPOR RETARDER 

FAEOTIEM', 

loor Yapor retarde can be used inNCOVER 
~'conjunction with insulation in' both cold and 

hcondensation. Tese FOUNDATION 

vapor reta-rders should riot becsubstituted 

orgroundcovervaporretardcrs, but rather,....
 
used in addition to 6c.-m In,cold climates, 

the vapor retarder is, as usual, on the warm 
'side of the floor. In warm climates wherethe1 

lo PCriods of air conditioning occur, th 
t~"in icle'is the bottom of the floor (se

7 72Fig~~ir~l7). ~J 
Figur 17) 

HOT CIJAME 

FIGURE 17: 
FLOORS DIFFER 

!NSULATN AWORK SHOULD NOT BLOCK AT lCVEN-IILAT10N 
-

INSULATION INSTALLED 
WITH VAPOR RETARDER 

FO FACEUPWARD 

SAN COVE 

< IN'Cawlspaces 

AREAS 

4;~ . = 

lii''= 
4 TO N ROUND COVER VAPOR 
EDGE ROLLED UP RETARDER HELD INPLACE 

INSULATION INSTALLED 
WITH VAPOR RETARDER 

DOWNWARDFACE 

J
 

!' 

d oS INCHlES OF 
EDGE ROLLED UP~ 

VAP OR RETARDER LOATIONS 
DEPE.SDI'NG ON CU'dNATLM~'1 

I 

SAN CVE 

VAPOR
 

TREAREIN 

GROUNDb F3Vcs VAPOR 
ReTARIER HELD IN PLACE ~ 74 
WrH RICKS' 

FOR, 'CRAVltSPACES AND 
) ,~' 

7 

H ' 



CEILING VAP08 

-~~--4--*-- 2, 

• RETARDER .LAPS 
~~~OVER WALL'VAPOR 

. 
''<CIIGISLce 

.. C J.... 
-' 

-stle-aorretarder-olthe warm-slde~- --- ELN 

of t h s ur f ac e a p p l i es ,t0 sto r in d o w s , 
which act as both air 'and vapor retardersWL 

i~i. 

CE I UNO 
CVRN 

APO R RAE TA PE R 

than the inside window. EXTERIOR 
Agood rule of thumb , ith older win- .TIO 

dows isto always tighten th xiin win-AIY 
dow first with weatherstripUing and caulk. IU -'" 

If an outer storm window isbeing added, a 
product with small weep holes at the bot- A-TARE 

torn is recommended to allow moisture too-

RETARDERID 

ELD ULE O 

... . - , .. 
escape. With interior-side storm windows, 
makesure that the Sea is ight around Al 

edges. 

If storm windows are properly installed 
and fogging and icing Still happens, indloor 
humidity levels may be too high, or the 

window may need stil another Owaing layer.". 

In the coldest climates, triple-glazing is 
recommended. Newer window isulationi 
products that have a but-in vapor retarder 

mus t provide for a tighi, sea] around all 
edges to avoid condensation problems. 
Similarly, traditional draper~y and blinds 
can aggravate window condensation because 
the window surface gets colder, heat circui 
lation isimpeded and the window covering 
doesn't provide for a tight seal. 

Vapor CostrucforNewetardes 
Vapo Retrder onstuc-forNew

tion and High-R Retrofits 

Innewconstru.ction orsubstantialretroflt 
in colder climates, great car~e should be 
taken when- installing a continuous vapor 
retarder that is intended to stop air infiltra-

to swell as moisture tr ansfer. Care must 
be- taken to provide an unbroken vapor' 

re'tarder between- floors, ceilings, and inte-
nor walls (see Figure 18). If these locations 
are left open to moisture, degradation can 
occur because these are the only open paths 
for moisturc's transfer. ~ -

An excelent isultion and vapor retarder 

vapor'retarder is used'olver insulation that 

isfriction-fit between the frc.iing. Uke any 
vapor retarder, polyetliyleie film's perm 
value will -increase -dramatically if holes 
case relf neard 

~' Thus conscientious installation is essential 
to avoid damage. -' 

'Sens in the vapor retarder must be, 
7 ve'apped and cardu~y sealed with acousti-

salant, maiking sure that seamns fall over'cl 

L ORAftPORoOyTO FLOOR1_1 


I T N -
FORXT~WALL VAPOR 

OVERLAPS FLOOR 
VAPOR RETARDER 
APPOCHES EY 

FAU pIWINDOWS OVE A N FA IO:: TOTSD 

~ SAST RMN 

MOOWALLIN -SU 

AKTAROI.R 
.. ,INSULATION /. 

STASAPLN
 I SALNTSTAPLETO OUTSIDE 
TPETH14OUGH 


NYLON,- ', VAPORI
 
REIFAPE 
 RETARDERI 

YOfA!I 

OOUGLEFOLD TECHNIQUJEFOR - TE-CHNIQUE FOR SALING 

- WITH VAPOR RETARDER. USINO WINDOW WRAPK';, 

-- '-VPR - --

-VAPOR RETARDERSEALED
TOLOW-PERMRIGID -
INSULATION AT INTERIOR'
 
PA~RTTON JOINT iSIMILAR RMNGSU
 

VAPOR RETARDERsI:ALEO DETAILATCEJiJNG) 
-,A ER A ON FRAMING HoEWIE 

STUD~C~l WIT ACIALCA 

ELCIA O 

~ACOUSTICAL 
3 TSEALAN 

- A J. 
-", SEAULNGVAPCII RETARDERAT 

SEALING VAPORRETARDER 2OT V IA , C rA 

EM VRAS. ,Ir~D IA~A~P~
SHOULD BE EA~iD WITHA NON.4A~oENa. 

ACOUSTICAL SEALANT, PAYSPECIAL ATTENTION TO SEAL A DOORFAAUES. ALL-
LALLVAPOR RETARDERS LIS 

WINDOW . 

PENETRATIOS OUThIT SOIS, IUMIING A ELECTRICA. UNES ETCJ 

-FIG URE 18: LNSTALLATION OF A (OnTNOUS VAPOR RETAR.DER iNvOLVES 
TO DETAIL.A1TIENTON 

bond. Sp-ecal atterTIon must be given to 
Sealing all breaks caused by electrical and 

retarder can be patched with acoustical 

sealant and polyethylene, One popular way 
'to ."e gaps around windowi, doors And 
plumbing is to foam the area with pblyure 
thigisalto ' 2 "fane, 

A nsumber-of new. products have been 
developd to help achieve adtghtly sealed 
vapor reta.rder. These include special plas-
tic pans for use with dectric.al and plumb-
ing fixtures, and nIew, tougher polyethyleIne 

addition, new products known as "air 
barrier" arm being employed in place of 

movem-nt in Ljsulation, thus rnairitain

ing t.6 insulauni's effxdvenms. T'hese air 
barriern, made of, olefin (a high-density, 
spunbound IPolyethylene. fiber), have 
ndremely high permn ratings, thus oisture,. 

,easily passes LhO6W Carmoenet 
curtaled. C,,r4ltderen 6s1sed inAppen

~dUX for additiv] information about ths 
new apor retarder installation tm~cnqucs 
'andl produc'Cu.. 

a soid t failia ago~d, strong~blend plastics for vapor',retarder use. 1huric 

to faclitat 

http:dectric.al


(no va p eadr o y04(aor 
Sretarder in place). C3 
K3~Note vht ofo -acinicover-

PROMfppron-1,FLATtipl by 
_____ItPLCI41, ate nu mnber to oba a growlve t TIT 

_______________________________ 7Venilaionand lidbr wth o toor + -a 	 nieed 
beDterminewhere vents, should

airi a majormotir coo I ata, ad N4 
'locaed (See Figure 19) .

dti6sctiondcea.6 with a Y1Iety of vni6 

~onoptiona' eurmos Passive venti-


Crwspc Ve.0R9 	 IOFlatic is iotat for crawlspicrj and enin 
I~t0INKA~,DKALD 

'attics and otha unconditioned spaces, and 	 tilation Nveed. 
I At rHI S 44isnedhca"localized ventiion 


Jn enths, baiths and wmetirres other area
 
1. Mew rsquarcfo>otagetobeventilated.of~ home. Inextremnely tight homnes, mech 

ron oe ap~ retarderis not
ani~i whl-house ventilation wit anartT.I 


used, multiply 3the square footage by

-air, heat exchanger is advised, ".lmVOIN'tAp" 91 

Duirinig warm, humrid weather, ventila-~ 	 .0067 (or 1/150) to determine needed 
T~,"ILsAconsult the, obstruc-	 I 

tio with outdoor air can cause, condema- vent space. Then, 


tion in basements' anid crawispaces. And, dions chart, an'd multiply venting by the '
 

Of ATTIe VENTStype of material FLACEMENTnumber given for the~somiietines, dehumidlicationl is necessary, 

'either mechanicaily or with chemricals, used,
 

If ground ovrvprreaderisused, 

multiply squre fo~otage by W067 (or
Controlling, Moisture in Attics and 


1/150), then m~ultiply needed venting byF
'Crawlspaces with Ventilation 


is that an 3. IDetermine location of neededl vents-

SThe basic rule-of-thumb 

WIND4 
uinconditioned space shouldn It bec under- (See Figure 20). , 	

+ 
go to the next For example, say you have'a 595 square~ventilated: when in doubt, 

size. T'hese spaces should be foot attic tobeventilated. N-) vapor retarder ~I 
Slargest vent 

= 3.99 	 4WIND
1vntilated with pasisive vents that are located 	 is used.- Multiply 595 times .0067 

1000POO~ 
oprmtgood air circulation. (Using a sqbiaxeett of vent neede~d. Ifa 1/8-inch mesh 

V9INTaS_"IV~~A 'l
screen' is used to rover the vent, multiplyfaYoti entilation isno-, cost effective 

TOAh1OpOTVII
aid can~draw moisture fromt the~dwclling 	 3.99 by 1.25= 4,98. Rounded up to the 

foot'; 5, square feet of 7vent area
int~o the attic. ) T1he fo~owin recorumenda-	 newrest 


would be the minimum need,,,d in this case.

dtis reflect mrinimumn vent: reqiirenments, 


the vent area would be dividld (depen,given current practice. 1.Then, 
ding on the clesi of the house and attic) 

_vents located to promote
Sizing Attic and CrawlspaceVents 	 bet%etm several 


good cross-ventilation and circulation.
 es 
o s:~tin 	 WIND*n betnmd ofv area 	 OO,@S 

t o b vented!, tye-f ei osrcrn 	 POOPCAPA CONTINUOS' 
,OFT ~ a 	IT 

>(Screens or louvers), where the vents are
is 	 S'P 

8151 
I 3'. tTsA~laced and whether a vapor retarder 

TMo VtTI01"' NM 
uised. 

KPUI tMAP"EDAR INArI1S 
Ifavaporretarderisn't used, more vtsit 

FIGURE 19: ATTIC vENTIL-ATION 
area is needed.- Th7e rule of thumb is to 	 AVOIDINGIS CRITICAL , TO 
Mltip,~qaefoae~ eetdb 	 MITRPOLM.

1/5).Ten, note what typeof 
1/150)._____________' 1.0067 (or 

obstruction (screens louvers and the like) is
 
RUTNS .


,Used on the vent. and multiply the answer VT3WTOB 

.yujust obtained bth umber shown in-

OBSTRUCTIONS INVETrILATORS,. TO DETERIMETOTAL GROSS AREAOF.
 
thyou tbclw 

Z OFVENT, MULTIPLY AREAINSQUARELO 5 CRENSecVaAbeowND 
,. '*,.*2total are'ato be vented by .03 (or 1/300). 

2'o,1~ c', r~,shown'in thech&rt. 
~ K2 ;~

Attic Venta W a ii~ I& ~ .
Steps De~~~~termnineto 

' Il 6 -. 6 .6 	 6
M ca eai&ia ~tobmeventedc. 

~~-I4~2 I ~ipl Uts nuber~ either .0067 
Si2. %1by 1 

~ 'Amon 
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sta.a. aco.tnt.c ol...m ertue.nd.n.i....o 	 id iancagrdrer. n htur ad ad n j r combecie wcinhai c u i Hi 60F'orlesutoorreateOEes 'heeglamprevsomtiesn r A oldats anofen oent 	r tV Aa 

enlatooul cerawls nbstancei Obiot lytchesehnd athsmsontrmondyue Ifit is imoss~ible-to mted te requir'dw inats k 
may cdausedswating bo oe ob e Thoh i bunvetiner a eaor they is.owil e beaser misre ytmreuculslk i c en r flsct *thgtcventa ly,ireavilabe aon seideobath pini

b.ne d dt o av id ca i g .h..p .ma 
thel b-lo 	 getiraturbecauf thesm soryaces condenstqionl. An e 1x981stfandis 'a te t rooinsal nhaust fan i entrllcto 

bwe temperature, not suial frreoi	 ole ors ser o ot 	 ingto oustur bau tFudoraima hodemoitre ug deEningines rers shoul b neA otdeao onodetermiCndtining aluay 
routinhartE reomedthe trol oflnw anoitred mtop ren fass o theshcauseecondensatconlt pscthen toviin oudostoodecsn'osue 

art-i et xhne.I os' ihl
units++.+taoiml ile r air not e oeiae Airbto-air T Exs'echangers, aldA.e char+t shows an ed posiearvniainrtsiof ventspii The+:+++oudo belowemeaue++*( the+,+i:+ indoor airqilt 	 Heatm;temperature. 

Ante mehnia meho of venil
kepar, 	 cstirfro cotctn sur a.vide. 

ar't mchanim seve "aC'hatrc"''C ent 
m n poluioCeaiehruiyaddwptttm eaie. itr indoor air>C'' 

humid tleor5tay at a''consolut, cooler teprtr an Ameicntoev oisture.ng Refrtiigera- as cls as possible wl do lhit 

of an .. is-the use+;
and- bath+ recirculating. and++ er.kIn s tightly+ti,C 	 ' 
heatexhgdew pint+ Ductless kitche t ao 
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"h' 

; 
sh i t-i r beat

faces (masonry walls) below. the' 

u t m e im i s r Wh r b tC'- e o 
'..Thechart below shows not+CC,*suitable,fCreCm.t 	 outdortemperaurel > ee . ... doruh ,+, 
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~ be given to'cho-osing th' lowest-cost option~
 

enaphu&~aoddi imdfying gents, known that best et the homowners neds.
 
enadlsud 6 vie fbor moisture out f,th
 

ecmimolltue is aprobleqAncithrpri ':Vz1 Deiccrts are agoJption for.smalD Suirface Water
 

0crr0rnasweturs,( i3 ha irpofutn~ ra- fdH.Some des c ~Basement and founda tionwater problemsird~r uin~ 
~di~Pe ~wieran~d~secotamnats cantsare very corrorsive in~ m' bn-,, can smtme simply sclled Ac TVl
 

would thm. b-e pa43d ncth rc~h air' dld w ittrn cr.Others ar i ble -n l-ii ge of'suiace waeIr!,fo 'pe 
 i 

net. e cl~r2oiiichrth'tdeaj ba sic solution."A 
~~e~ductedc aty 's6ca'taoftatlsl ofoot runi ircofne 

cntnuou ar-vaIprretarder. Theadeci,bcst thracmi tS tcz o wo majo -tpsmne,'Weecs'lackvef ot~~o acjv od lp sa
3ca eltinizihettcagerssesaedce oal r e ro

~areaiof esthae nscad irnened slope, try t hne oitr wy7gtl 
'wdl-t±sulated hoie'htemploy c~ialas wel ssoan bsi psil 

td gn1ter 2<: =tter~n'a option isto~Id~' 
cte heat excliangers can toerat ome- 'Aoh'*4 l ri gteso
 

whathigher hidity levd.1, because circu- i~i~~ rolm the roo ftaves with lOng extension spoutt 

laton, aiid %entilation~aire constant, and cannel1 water aw'ay from, the' dwelling, aK< 

undorm.~~~~~~ wela' nptn and ri-palrzng s n 

~Drainage problems often in 1bs-L~ leauisl arun the house 3s ,Fgure~ 

~~> K ~ with base.-nents and f Hweer i som lcatos h 
Whnhg eav uiiyi costn ajor heat lasers in heatiq sea.sondimates. fcwaetyll cassbsmn lo

problem,', one optior; is~to dlehumidify tfi e Common'S'ources of, drain eeproblems, duff, /n 

aIh~scn eaccU iecl by mecharii' inld ex . ufc n~rudwtrmore' radical actao~p may beneededI znclud-," 
tcw~~~adlatype soils 'When. combined with Jgaiction' Lh~a usaiioal~ed 

Miechahal dehuirsniaerey cay poor construction dletails, drainageprob-' control excess gunclwater.N wter~ 

the reffigrt yp tbac~remove moisture kems can qucl cas osture d3mg tbgh~~tb 
b geratorie ai'idaw fIm rjt o' b''5metpurnps:Ind dzj wels, installi aditinl4th oi' >r~ 

deVI~ 4 p't Inthe constrution ofbermed -or &4- or 'newfordan , aigawbsmnraxFlpas't'refrigera-
tor coils, whiire- cooler' than the dew 'pea]'atJ6686oto floo g layer' istaIl shelterei'loum proper Frlhei~ h 

poinit. h dirv i.s hen 'exlisted back r miaihe'details: i ~I6 See references ing a drapn tile. In new 'construction 3and 

into the house. Water vapor conldenses on o daiiagei Appendix B for referenc es coPrehnisve rLrfit, anot-her basic pre

the Ccclii cod, thendrip Mintoa collectio on itis topic. And; iiiall new construcionI v t'ie : meaure, is to ~z~alo~ipdi 
paan. . foundation. need proper, deig and protec- in pp~ln h od 'hueo 

At cooler room tempcratureso 6T 6ni a 16ging cl~I4 st I:. l t'th''l'ain 
or below, frosto c2~l~omontei~~~~ng improvements are faiyl A~n te optima situation, btcOu~rse 

cool-ing coils -a4d ehuridification. stops'~ c n 

~untd the Uon'"i relacing flashinig. extreme Y. rblemi from houside 'ofthewalsrce.ested.,Seiishave Othr*,re 

ari ~ ~ ~ ~ auoacdfotc ostlyfor retrofit app exa& In new conrcon, shis-emsi y possible~e,'WCote'whl idn, such as 
must 6emruydfotd1y shuttirig the vating around the basement walls to gtt at 'Tbyen plym go6m 'o'tiutin e29i: e 

utdownat th i eltb. thrUCOasvreg~~idwt problem. 'suited to 'the lIocation, In mnost: roi 

*Fird lailon place the dehuizzi- Because of 4the ixpense, some basemn-ent. applicahii 6 the 

and foundation moisture problemns, simp~ly, exterior of the basement oi foundationall~~:fi Lh-Ccetrof the'ro-om. For rnax~mum 

is too' cstlyf~ insiderad .,Inr
efetvns,'COCOfLj area to be cannot be remedied and insulation mus~t be 

clhrldfe.Ce n eniptbte dri~An- foregone, Many factors must be taken into caes mtro~r~oi 'tion i ~us ally the 

age pai. ry a~ccount when cvaluatingbasementnd foun-. jonly~aiv abaIt route, but it may. not pro-o 
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~S.*LA*II~,Acoc~T 
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TIEAONDAMNP0( OflO AEOF " 

'FIURE22:EXTRIO WAERPOOING S TE' 4' 

EE RON AE MITRFIGURE 21: PROER ANDWREQUIEDRODPROV!DE DRAINAGE 
PREENTSEEAGEINOT AVIDTAMNG. PRBEM.TI - -RA

SRUCUII 

t ~ ~ ~ ~ ~ ATibu-mantb
~ ~ ~ ~ I 9'nyv~il 

onl avilale'r~utc, bu itmaynotpro- to storrm sewers, A variety of preventativ.e If the problems moderIate, damip,proolin 

iprbe wih interior caddn ' upt~tie capillary action f tihe moisfure;retrlt 'npreble exteirior waterproof-


~action to stop 4water is 0httew'l~a Miiu prpetandard cs callbt r
.n 
cau4sing ' for~ waterprooifing (at least the equiyadent penetratio.(See ch~a beo o-eapebecome fully saturated witl water 


a prolcmsprotectionvarety f of,2-ply hot-mopped felts, 6-mil of cmodar fi ic s2
 
is a commnon solution for 

--'h - poly-vinylicHoridleor55-poud'ol1d'roOtnq)' Darripproofing 
4' -j that jsjcar'clly,,applied 'and scaled at al basement or foundation retrofits, but itcan.Aseising the Problem 

seamns. Wate iP.cfiing should extend from not 'b Xpce to, h andle'severe wter 

-To choosethie proper soluition, one mnust tie edge of footings to the finishedl s611 line, r prmsureprobles Ifthe probleiiiismoderate, '&j 

as well 'as under4 basement, and 4groind dampproofing 'inconjuniction. w2ith-'ther 
" firstl know the extent of the moistur problem, 

-
Remrnbtr '.hat concrete can be an ade- slabs (see Figure 22). ' ,actioni can do'n adequ~at job,.a~9 

Squate rapor retarder, but when subject too 
4

< 5taniding~water or ground water pressure, DAMPPROyJFERSL FOR INTERIOR FOUNDATION i'4 
-44-'.4~4''*~C'~Ip'lia y'Pow ca occur. Waterproo coat- ~4 


ings should, be, ustd with coricre'te in high ~ ~ 4
 
' 'j4rgcO~lba~br;prt~:s~~L '-4 

pi% W~b W~~ C~yORXIIIWetbae(Mg~4 water situations, or special addi ,' A.~ Re-uxPitrouind 

6ves ca be muxe w!ith concrete when it is *
 

Ipoured to retard leakikg. The wetter. the" coy~e ou_-~deokK= dCnb ut
 
bam4444-'conret pour detehP mnca -' 

<~44Jf the poblem is 5everr, watezrproolg ~ Z *,>' . 

6 ua 0Jt rvuih'the basement or foundation walls and slab B. R.aat~c'mA "taiz Wate *-~t~ 
g'ddsa'floors4'' Msa -< 

44" is recommnended. Thint xeio 
41i is an exero ut and- 16i *' 

-os:% 
n .2v, ___iteop rto ui al to:- ne t 

'fnecessaryWaterprofingif" stops th direct ( imix 
-fib ofwateri aniditoftenconsistsof built-up ''~ac 
4membranes~ layere-d scveral times A Yai4

eyoaepro products are cuirrently - D.Tw%.iY0@','*t' q'c 

3 1.Pin se -ed'iiprdctos dealn withbeart- ___Ii 


4 ~S'ers~A'rb ovre, wyilb- pa1
 

'lke~whc ar ich 4 
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prn 4'ki, 4' -'har 
to odwae 
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i~ 
h '-yan aycause stasona~ back-up1 of;? 

odl.Q Vit mast . '"e adi is hey 

thu hihgrudwater15 t a oml7 

1. ener ifbe so yeussndeh 

~gravefly,~ and groumnd water, s Ielow, the 

are uflflecesaiy, bcause the &oil's natural 

sea-,..dainag&wiYlbe aclequate. However, 
soina ch 'esind terra.' may dictate that 

~previsa yA discussed prcevetative acionh; 

~should 6~e consideredI. Rernembcr thit when 

~eixterior, waterproofing isrequiredla baal
,fdl of crshed g'raveJ should be considered,~ ~. 

h.~V.A 

~especiallyfor~areas w'here sodi ithe clay 
_FSAYrrRAtype ande~pandswhen ,etted. 


which can tfG RUDWTRO ANDRBEAI UFC VTR

Exce siemois~ure prsture 

cause oucxung of walls adstabs, should,.., 

be relievd.lIn the floor, consider the addi-U97 
,. .I ior ofa dry well and a sum'p, pUMII5 to, 

7. 

~ ~ ~ A. 

.Figure23) In addition, cornnierclavat12 

able ipixtu6res can be applied to the interior 

-maso, ky ,wall to make it less permeable. ., 

,These mi~xtur must fill the surface pores 
WV 

to be most effec-tiveC. .~ 

BATT ISULT99.~~~-

~2Ft basement walls can be.owdaioAnanc 
"nsulatedo'nthe outside to reduce condmnsa-, 8 
.1to n a eeeg ' and insulation should FLASHING 

be a part Iof cold-climate retrofit or; new 
cobiti epoofin g o dp Iprofing. PROTECTIVE 

Insulating on the outside is the superior CVRN 

-~metho Iise it prtcsthe wall or
protectsRIGID

foundation fromi the froe taw cycle. ' 

When insulatig on th eior, use rigid 

~ 

*. ~* FOUNDATION~v[~IY.'I 
~ 

EXTRUDED POLYSTYRENE)&.
INSULATION p~~

EXNDDTOFET.' 
B-~~7ELOW GRADE LEVEL,~ 

iula'tion that does niot<deeroratie in below-
}Pade appications (typicjiy high grade -~-~. 

.. M *1~~
~ NWCNTUTO, .. ,. 

to pr~ect it from ultra violet rays andFONECNSR 
da I> maeI tcinIth ii ri 

nnnewcscoitrwdslC= 
INSULATION 

f~.TO FOOTING 
TITCAN EXTEND 

4 on-W 'sould extend 
'foundation to the 

tantetp 
footings. In 

ft~~ 
retrofit i 

.~ __ 
___ 

~ ~ :~___'1

~from tl-itop of the foiinclationlo at- leaii. 44., .I A 

~1afett below grade (seet Figl'irec 24) .~' ~ 

' YSI 
Interior InsulationlOptionlsV -

~ 4A i~. 
stoppng action deals i 5)-msyptorm of' j~ . ~ 

INiSUE TI ONJOB CAN H 'P'PREDUCE'~ IGR'4 NETIO RETROMI
thep oblcm mor tan the caulc CicncT 2 LL 

hen it's P-*r-.l tota, j severe r nEj>O'Ss 
71-

~A54 



ture problems fro tVUio-	 ' 

walk sh ul l e-3.o t ul a.e:d . Alt(lX ~sF3Kb .	 LOOR 3A 1. , 3 ' {3 

'" 	 .............
e " use of dam pr r- l , ,ng 

dring an i as previously~.j:s 3 v'': 


can~ berae-i"tnr",.temitr 
su prps. '& 

ilus ra ted.1 f 'moisture cannot be con trolIled, RIM JOIST CAULK ALL JOINTS 
ad portard erand -insul'tion to -the 

. celw~gsnstead of the walls, in order to stop SL LT 
moisturegratig to ithe ving paceabove SL 

With moderate moisture problems, wallL CEIN 
~idampness can be reduced with the appisca 

dtonofa cement-base dampproofing or an FONAINWL 
epoxy or latex paint. Before insulation is 


,p added, the moist or wet wail must be thor-E.T 

oughly ed.Thedryingprocessfor wet 

basement wall, whether from newconstruc.
tinnoutside source or from interior 

condensation, may take weeks or even month. 
For new co' truction, it's often common to-

wait throu one heating season to allow
the'founc1/,,,n to dry. 

To insulate on the inside involves either 
buidin anew frae wafl and addingbatts 

and a'vapor retarder, or using the simpler 
method of installing rigid insulation directly 

$ to the &y concrete wals with construction 
adhesive. Note that with the 'igid nsula-. 
dan option, electrical installations are lim 
ited to the ceiling or, surf~ace mouinting onV 
the_. walls. The 'gid insulation should be 
covered with an aiight vapori retardr 
and fire-rated board to reduce fire hazards 
associa~ted with foam arcfnsulat ions (see'

I. 

, c s 

toMoisture 


When rnoistur sources cannot be suffi-

ciently reduced orin areas, of high outdoor 
humidity, high rainfall, orconstant wetness, 

increasingwood's resistance to moisture is 
the major prevention and correction option. 
n this section, wood preservatives and water 

epelents Iare discussed, and ro iture-caused 
p'paint .probler-s are examnined. 

'~"~'34'3"3' ~ 'preservative 
4 iQ 1 

, 

WMie4ri Wood~ Needs Protection 
'Repellents 

- . ' i +rIng	.weral, wood,should b~ protected if: 
iis in contact..with soil; 

'* it isinorj around masonry or concrete' 
,,,ithin I18 inches of the ground,' 
~ it: isfan eposed. strctural member, 

-+subjt "ting, suchaporie's decks 
:i ,'31'

a-nd steps" or-, 
"itLsajoiLntendgrainor ,Yater-trappuig 

area~ tha i prie' 'fr ''oture. 
.
 

I~3 

i, . 4 

DDPLS REE 
EXTRUDED S RENE 
RIGID INSULATION 

'-t* ' ' 'COVERED WITH FIRE- ~ .TDMTRA 

'.',", 

~SA 
CN E SLAB, 

.s~.*. A * Ac.. 

ll*llt 

.... '.i . FOOTING +, ? , '!''' 	 4' 

, 

'FIGURE 25: AN INTVERIOR RETROFrT INSuLATON JOB MAY BE A SUTABLE 
OPTION IF SOILMOISTURE PROBLEMS ARE NOT SEVERE. 

;Water Repellants and Preservatives 
L 

Pressure-treatedl wood isa good option 
where wood will be exposed to extreme 

moisture conditions. Chemcals are impreg-

nateJ through the wood under pressure to 

protect it from decay. and insu. Some 
preservatives can'P be painted over. For 
more information. on wood pmeervatives, 
and related federal standards, see refer-
ences in A~ppendix B.o 

A 	water repellent penetrates the wood 
a.nd seals it from absorbing moisture. A 

contains an additional toxic 
fungicide that resists decay and insects. 

are 'good 'choices' fo I abov+e-

ground applications, while preservatives art 
recommended for' belo-gound loc tion 

and 'area~s Subject to Constant wetting. 
Penta (Pentachloropheitol is thern 

cormc' funigicide prervakn iwen'~ Co.p-
pernapthaate isanother-less toxich ice' 

° ++ 

but it does haye'an undesirable odor A.' 
+:coatingo+of pAr VarI~sh willOredice odor'4+,,++~i+ 

rbla'rs . Dippedb o paydrpl 

leints do not have the strength of pressure-.
 
treated wol but they do providesubstantiaI
 
p roection. PreservativesolutonsmadeWith
 
mineral spirits or turpentine can usually be. 

paintedwhen the soluton' dries, Refr to ""i -+ 

the manufacturers' instructions for applca+3 : 

tion details. 

P'aint, Isn taP se aive or ,a 
Repellent 

Paint isn't an effective preservative or 
renst because it only coats 'the'5urface. ' 

A true repellent or preservative s-oa.L into--
1 4wood and seatsthe interior of the wood'<-~the 

* iA'cked painteurface w'ead 
... .ily t in~moistiu, wuie 3l6wiriig the e ap 

or.ation p s.' hus a aced, pain 

surfaceisa perfect ch~'idecay. 
ao r repellents or pr'eservvEym should 

be lbberall app lied before' painting ir 
ik 'x asuface And d,ifthe urface,13 

r pa +++"30-'t33' 'xposc-d to'constant wetting, a'better pi~"'', 
tection method 'than<3.3"' k"' iuldbe413)333,.3,3' 'aint 

considered'.7,' "" '3 3~-.', 


'A' 

~ 

3 , 1" 4 	 3 * 4~'3f 
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A cmo m 40dSP6,Th 
woo Lr AVAXO6 ,o iycnb 

d&i14l.orqh6orCs A ~d ,A (NotA;td
itomenueonteM:App's ,. 

~'Decayed 'wood won't be'nefit from~ if *,
 
prsratvsDca 'cd wood should be c~vM
 

isrreplac d,<along with w~d UP to tw8eetL 
on either side of the decayed area to make preme~v iz 	 SuafW-mi" 

Ssureall the infection has been removed. ' 

2aPaintProblems 
aint can ar l S&bi~ti;v l 

o~6 JO)S A Ca'avz poiPeelIing, bl stering, oicrackingpan ca 

point to a moisture problem, cspeciafly if * WU- S...
 

the raw surface or wood is visible under iid- Ih 	 Aepeflait alia&7jti~ &he1r 61lCCIor 
b&CU~npaint blisters or cracks. Moisture inside or 	 n a Al wadlyi 0i.ii1 d = 

iprAy-, cu' n fl''w ee JyI dippd Pow rwzua~ ~q~ ~tdak a
 
otdethe dwelling can attack paint. PaintB: mviit. coa Warmto and o~re
C=6 tmvLu 

problems are usually most visible a-fter the'A$Bi
 
heating season, but before spring rains (see________________________
 

Figur, 26 ). 
A 

Moisture-causecd paintproblemisare most 
common on dhe coldest side of the building 

oareas subject... t hev etigthog 

rain or sprinkling. Often, paint problems GBE ACA
 
are severe on outside walls of rooms with
 
high humidity. Unfortunately, some paint
 
problems are not recognized as moisture

related, and sometimes the problem is sjimn-A
 
ply covered up wsith new vinyl or metal SOFFITS
 
siding. Of course, some paint problems are
 
strictly linked to poor application of the
 
paint, or use of a paint that wasn't meant to
 
do a particular job.
 

Lke other exterior-use pro-ducts, paint 
should shed water, but should still be 
breathable to allow moisture to caeFo 

ths reason, latex paint~s'with oraryi 
Aiy 

polymers are often the best choices because
 
they orcathe, yet protect. 1ligh-luster oil-
 FAA 
based paints are the least porous. When 

A AHOMchoosing paint, ask the dealer for advice on 

the right paint for the job, and follow the
 
manufacturers' instructions to the letter.-


Cable ends of heated buidi~ngs often
 
BOTTIOMEGE-HORIZONTALhave paintproblais ifthe attic is Ltinsulated, FSDNJOINTS IN SIDINU 

A poorly vented, Wlithouit a vapor retarder or 	 BELOW 
WIN DOWS~if the dwseUihg ha excess moisture. Treat 

-

time~problems, and thc paint problem shoA 


1:>calleviated,
 
Fascia boa-rd may be the site of difficul-

FIG URE 26'., EIC-RIOR PAINT DETEfUZORAT-1ON C&N OCCUR IN MANY
 
Ities if Poor drainage is being cause~d by LOCATIONS AN I.S OFTEN A SIGN OF. MOISLTMRE PROBLEMSS.
 

undersized, plugged or leaking gutters, orA 
errors with caves, the size or number of downspouts Is the board and gable ends. Generally, all 

-

the
~~ldesign or construction 

answer. For ea~rc,alcor flasiri/drip e-dg above-mentioned remedial actions should
shingles or soffits. Also, ice dams %,Illcon-	 'AA 

bceconsidered. A ~ to paint detenicration. lnadequatr dilemimas, consider increasing the length of 
Atribute 

or install a new metal APaint can deteriorate below windowsson
~; at the eaes Isanother possible the shingk drip e-dge 	 AAA 

Aventilation 

boththe clteior' anud the interior. Watchedge under the shingles, leaving a gap
A-dripculprit. 	 bewen the drip edge, and the fascia for fo orseal &ud eio -idotriml' 

Aouions to fascia paint problems are B' 

that, alows w4ater, to get behind sldirg. , 
numerous. Clear debris from Lhe roof area, drying 	purposes, TheA drip oedge shoulid.. 

extend at least one-half inch blnow- a but- Cracked or deterorated-windlow sills Will 
Ar~ suchas Iavc5s puieneiedlesandother dam-

tirig wood member. alsoca sdifficulties. NteAlacesasound 
- AAing items. Unlugrain guttersadrpi to fas-ciai windows whcre).ateT or w4ater vapor can''<A-rbcmsir'~them to stop leaks. Sometimes. Increasing ISoffits suffer 



1 

enter. Another good move isto ,replace or VMOIST AIRS 
seal theflashing above the window.. MOIST AIR 

Thc Dotible-hung Window Dilemmina 

~ OS AI_________________III~~ ~ ~ ~ ~ 
A'special and hard-to-spot problem can 

--- 7 7 

moist air can en'er tht ca"11ties, through the 
h~oies where the pulley./tiash cord islocated 

or from the sides of tritenor window 
SASH CORDStrim, and condenie on 1ecold weights 

inside the cavilies. Fros',;and ice can build 
up on these weights, and when it melts, it' 
can leak into the wall cavity. 

Two solutions: either caulk around the 

interior window trim~where it meets the 
K.

wall and seal the pulley holes, using one of 
NCthe new sealing devices that allow the cordsBA 

to still opecrate; or remove the weights, sealWEGT 
the cavities, and seal the pulley openings. 
To keep the window operable with the WIH 
second option,- install low-cost pring clps. PCE 

(Note that thesec clips may not work on MOSUECN TRAVEL 
extra large windows.) With the remove- INTOWEIGHT POCKET & 

Ith-eihs pioa good weatherstrip- CONDENSE ON WEIGHTS, 

ping job ispossible because the sash cords BUI LDITG, MATERASA IL 

are out of the way (see Figure 27). BOTTOM OF WINDOW.,I 

FIGURE 27:, DOUB3LE. HUNG WINDOW BALANCE WEIGHTS MAY CONTRIIUTE A,' 

TO MOISTURE DAMIAGE. 

bH-2 
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AMITRE-AU'DIPRCS~ K~ L iSECTIONi' IV

-The process described in, this section is a eeaie meho for~ r 

onducting amoisturleaudit on a home, It isnot all-enopsig a rce 
prnentedrather than a comprebook!Sil form's a 

vs 

m¢l]udtede to 1prbr¢+ides framework aove wcli the readr a handyopsystematic' place to geep nt".+s Thereader should be aiirwihtemteili' 
efore~umg tNs mudiipreceaing~s nsctiom 

.T e udit'proc61,folowds 	 fivemain steps:iI.t etf Sympstomsh 
I. ,Get the History, III. StaritS ching, IV, Define the Solutionis, and 

v.' Select Corrective Measures.
 

The following tools will be taSeM~ as you coniduct this audit.
 
4..I 

hator hadhat, cottonglovs F7 Duct tape 
0 Magnetic compass , 0Polyethylene R6l 6-1 /' X 11'

SPocket knife'or' awl 0 Caner'a fla-sh. film (optional) 
0Tape measure (~ Clipboadpaper, pencul(s) and eraser 
0Flashlight and spare bulb/batteries 0 Binoculars for multi btory buildings 
0Step ladder (optional) 

4"0Cover"l, 

",L IDENTIFY 
UTHE SYMPTOMS 

The first step in the moisture audit proc
ess involves noting symptoms of excess mois
ture -andidentifying their locations consideringr
 
the entire house, both inside and out. The
 

~'j	following checklist can help identify loca- ~ 
tions where moisture problems, may exist.1 
Try to lbe as specific as possible when [ '.444,4" '"4 ' *.+4.4.44'444444441S44.4.'44fl'"' 
dlescriing die location. S''4'''"' ". +II 4< ' 4.U.'4~~4;' 4+'+++ 

4 '4++: ++++'' +++44Kt++++ veh:jj74v '4'> +,+:-:.,++++ +++:+++:++ 

Z + + 4;+ + +:!3++ +. ++ +3+ i+(+++f++ +,:y+:+ + +??L+i ¢+¢ 

Typical1 Symnptoms Locations 
0Strong or musty odors 
0Damp sensation_________________ 

0Mold and mnildew 
0Discoloration, staining or texture 

changes on wood or masonry surfaces 
0Rot or decay 

' 0 ~~Water-carring fungus''41 ; 
0Fogging windows 

~~fr: ".~~~~<*' 	 0F7 Condeation or swating _______________.. 

'..."'"A''*' 
- ~~' ''4'~~~ '' ' 177Corrosi or. rust on'metal surfaces. 

~ 	 ":4',~. ~ '~ 0. Deformc oen ''"rf a4c4es" 	 ~1' 

0Coate or masonry chipping 	 0. 
"~''"4''7: "'>~'20 Drainage problems (interior and

':74 	 _________________________t _:+-. 



II- 1 E 	 oreitngle glazing?7 HISTORYl'av 
~ 41ETTH I-IIT RY 	 5. If you use wood for fuel do you stoei 11. Do any'wndows havne5 i n 

ianside or Y INO .directly against the side of your 	 ;:E.S 

Ahome outdoors? a YES INO Comments: 
ir (Wetwood contains a lotofmoisture andAfter the obvios symptoms 


problems have bee idrold, The 'net can contribute to home moisture problems
 
iplstpis to obanas much irfrainas if ntstored proplerly outdoors away from (Single, gluzed windows mayc'a 


Possible about the structure and it ,,,, the side of your house.) remedy.)
 

patens. from th.............
 
builin occupants. Except in rare cases, 6. Isa dlehumidifying device ever 12. Do windows fog up eve thug the
 

moisture problems don't appear overnight, used? YES NO have two or more layers of glazing?
 
and this hitorical dnormnaton will help to e Type: CarL .I YES NO0
 

interpret the symptoms and diagnose the Portable ee t acation
 
causes of moisture problems. 0 Season(s) used: indoor relative humidity is too high,.)
____that 

hours/day 
A. Budlding Components and * Location of use: _ ______ 13r. Iscirculation or ventilation of indoor 

Operation * Percent relative humidity setting ....... air curtailed in any way YES NO 

emechanical andstructuralcomponeits 7. Is an air conditioner everCmm t:
 
of a home all help to define its moisture used? YES NO
 
balance. These questions will aid in identi- Central.. .Type: 


important factow'ein this Moisture Portable 14.iningDoesthe atticand/orcrawlspace have 
ba ancee asons(s) used: inadequate ventilation? YES NO, 

.hours/day_ Note otal'vent area: attic 
1. What type of heating system is used? Temperature setting - F 	 -crawlspace 
(Circle all appropriate answers) 	 0 Location of usc and comments:-orcingtu' 

Does the attic ginu
_15. 	 hoc 

Systeml Tyrce: Air________________ 	 the roof sheathing, leaving~no gap for 
circulation? XES NOCentral Forct ir 


Cantra Ht Wae 8. Is a humidifier ever (Note:? Further information on how to deter- '
 

ral 'am used? 	 YES.ntilaNO mine whether attic and crawlspace ve..Fireplace 
~Wood Stove 0 Type: Central tion is adequate is provided in the text in
 

Portable Space Heater Portabl.......... Section III1.)
 

Fuel Type: 0 Season(s) used:
 
16. Arevapor roarders present in thehome?E tiiyhours/day____ * Syte ype: rn ..... ..... NO-YESNatural Gas 0 Percent relativehumidity setting 


Propane (LPG) * Location of use and comments: - Where ire they located?
 

Fuel oil 
Are they properly installed?ood 

Kerosene 	 9." Isanevaporativecooler (swamp cooler) YES NO 
ever used? YES NO Comments:(Electric homes Without chimneys may have 


higher indcoor relative humiudi ty levels.) 0 Type: Central
 
Portable 

2. 	 Are any rooms in the hm closd off * SAson(s) used: _ _ 

-17. Are vapor retarders located on bothwith only intermittent hat? YES NO hours/dlay 
Conimesit-s: _____________* Machine setting-High - Med. sides of the samne wall in any lcations? 

_____________________________ - Low -(This is an invitation to moisture problems.) 

_______________________ 	 LocGin of ust- and comments: - Comments: YES NO . 

3.1 What Isthe normal thermostat setiting?
 
Day Night ..... (Humidifiers and evaporative,coolers can
 
Mient warm mwt~air contacits cold Niirf aces, contribute large amounts of moisture to the
 

homne.) 	 18. Is a ground cover vapor retarder udedcondensation can take place.) 

10. Is propane or natural gas used 	 for ove teoiinteralcE.5 
'.Does the heating s4stem have poor cokngoEnN (mite on vapor retarders 1s 

2distnbution? If yes, is a vented range hood provided? found in the text irnScction Ill ) ~ 
~iAre there anyLcold Spots? YES NOr YES- NO 

C~nncnts(Cooking with propane and natural gas 
discharges -A-ter Vapor to the living space j 

H-2'7
 



to the'Buildinig- 24. Do th 'a place:.wihouthe _0 .%olIstureraisfer:must b 
"btureM toel use of art' terior vented cx,16ust fa~' Shoul Itbe.ince- r0 r 5 

"YES-N , 0Vnilto'ncicl'i aapr 
time ........ in ,motur balance. Ismoisture a

lato changes in ventilation d ar i 	2-5.o.re tory? hun in co w 
anad r ea home' b properly s Ia by

4fer-patterns. Have anYjbuilding changes I, causing'problems?',' i
 
b-een made in-the. la'stceror-.two?--Yesi. -26,--Does.c(okingitake-placewithout-an- ----- i-------
,anstver to the 	following questions should exterior vented exhaust fan? B. Betzin searching for the causes of the 
bNe YES NO symptoms of moisture problems you have noted for further analysis. 

already identified. The search wt be thor
19.1 Have any of the following energy 27. Does 'cooking take place without lids ough and systematic. Make sure you have 
Iconservadon/vweatherizaio activities3 been on pots? YES NO obtained the answers to all the questions in 
"recently conducted? . Setion 11 of the audit. Start looking for 

4Cukin g/wea thcritripping 28. Are clothes dried on a line indoors or causes at the lcation of the symptom, and 
YES NO with a clothes dryer vented into the living move systematically away from 'it. For 

'Insula ',YESdon YES NO space. 	 'NO example, work ina clockwise direction, or
ie Vapor retarder installation 	 upward and move downward, or move"start 

YES NO 29. Are floors frequently mopped?' from'the exterior to interior. Do the same
eStorm Windows YES NO YES NO 	 for every symnpbom Of moistUre problems 

you hay, identified. Make sure you have'2.Hsany rrnodelingrecently been done? oe eraim r qai	 hou, fromgna covered the entirehouse from attic to base
uEns present? YES NO ment or crawlpace inside and out before

'Comments: you have inished. You may find other 
________________________ 31, Are there la-rgenunbersof houseplants' previously unidentified symptom of mi. 

prestent? YES NO ture problems along the way. Smtmsi 
isbetter to focus on asingle problem until it 

21. 	 Has an attachedsola. gre.nhousebeen .. is diagnosed before addressing another, 
YES NO m poed? because the process can become complex. 

mments: _______________ 

S C. ousearch, the water hoseAs use
SEAR CfING method,"Pretendyou are washing the sur

,2.Haveany modifications to the heating/ face you are looking at with a hose ina
22Now 	 that background information has systernaic matiner. Leaky locatiois are obvi-Cooling system been made? (For instance, been obtained 	and the obviou's symptoms ous3 sources of liquid moisture and water

has a new humidifier, air conditioner or 
Furnace been installed?) YES NO of moisture problems in the home have been vapor. But, this method Will also call atten-
IComments: _____________ 	 identified, it's time to initiate a thorough tion to 'lCU obvious symptomns 'and their 

____________________________ searrh and begin diagnosing problems. You solutions' ' 

will need to draw heavily on 	the principles 
which have previouily been described in D. Useallyoursenses to help diaenose the 
the text. You must also beccareful and causes 'of moisture problems. Walk the 
thorough beccause asinigle symptom of excess perimeter, of each'room as well as%the exte-

C. 	 Occupant Behavior moisture may have multiple causes, and rior perimeter of the dwelg. Usualy, 
multiple symptoms may rnsult from a single unevenness, slope, warpage and so' forth,

Thelifestyleofthebuildingoccupants c~An cause, can be detected simply by walking over a 
als have a sifpnificant impact on the mats- 'surface. Use the Tap Test (Appendix A)
ture balance., Yes answers to these ques- A. The most important tool for the analysis 'to identify signs of decay. Sound wood will 

tnsindicate that moisture is being of moisture problenis is the moisture bal. 	 normAly preset aclearringigsound.Look 
contributed to 	the home from sources that ance principle discussed indetail inSection for signs of discoloration or' chan-ges i
 
can easily be controlled through behavior 1. 
 Lextur n afllsurfaces. Cbmek beindfh rurr.
 
changes df a home's moisture balance isout a Sor=ofmoisture mustbe k6 tifid-
 drama, shadeandfoliag. Noteaiystrong

of adjustment. See Section If for fiji-ther 
 where thy come from, when and how they 	 or mouityodors. Be particularly sensitive to 
information.' appear and whether they need to be reduced any daamp ensation in d~air. ~ 

or eliminated. '~ 

23.- Is.there now or was there in tl~e past 0Temperature Plays amajor role in the' E. The moisture tests (relative humidity,,
limore than one occupant for every 250 sq. mnoistie balance. As was previously noted, dewpoint, capillaryand wood ceterioraio)'

of floor area in the home? ' the amount of moisture that air can hold in Appendi A wrillI ad you inYOU search 

e'r 
re-'l 'c'0' 

I ' 	 1 A u 

~ 1 1 ,M 

http:2-5.o.re


bits of Information from 'stcral different 	 try deiumiiFcation, passive or mechanca t Aon is to co 
dring techniqie. necnt a dehumidistat to an exhaust, fan so

"'jsources will bmre'ired to come up with a' 
that moist air isautomatically exhauste-J.soluition. 

B. Watch terriperature differences: Warm "'' 1~. 	
ow$, ce-ings, ba5 lationt,.or ventilation; '"..'up cold uirfaces with cir 


even more careful searching. If a moiisture try insulating cold surfaces, such 'as walls,
 
source iseluding you, look for the following- wn ceili men, and crawl- V. SELECT
 

- L'~ 	 s Us' local heating with space heat-

F. Specal or unusal problems wilidemand d1 	 +-, 

ook for-iden,passaes oupper or. 
lower levls 'of t& dwelling. Open wall ersto hlwamsr ac~es.sure tern -CO R C I E-~ 
cavities, on the exterior or interior, may Peratures art ab~ove the dew point to avoid MEAS URES 
extcad fr-om the basement or crawlspace to condlensaton of mioistuire.Fl nteat'he hr syupoe 

theupper levels. Balooin framning, partitionFilnth taedcrtsyopoed 

shafts and ducts can all be C Checkmoi-ture transfer rate: Seal inside through the audi't. After you have comwalls, vents, 
pleted the audit za:d filled in the chart, yousourc of moisture tranfer between floors, surface air leaks. Stop capillary action with 

Czvtain moiure problems are seasonal ground moisture vapor retarders. Consider need to prioritize the tasks necessary to .
 
innature. Some complex roof designs (roofs using tightly installed vapor retarderswhere solve the moisture problems you identified. 

ice dams, needed (heating climates) in attic or Remember the following considerations:with valleys) are conducive to 
which are preent only in the winter. Also, crawlspace or when adding insulation. Pro

roof drainage problems may not be readily tect and seal exterior surface cracks and A. Start with heasiest, lowest-cost reme

visible if it isnot rainig. Be aware of the a and provide moisture proofing. Increase dies that address the most pressing problems. 

season wile doing your audit. mois'ilre resistance with wood preserva

a With mobilehomes, unusual waterstains tivm and proper finishes. B. Ufestyle modifications are often cheap 
make. They: are someti esmay appear along the outside corner where and easy to 


the wall meets the ceiling. This iscaused by D. Increaseaircirculation and Ventilation: ideal ways to reduce moisture sources.
 

moist interior air condensing on the sheet Fiminate or reduce trapped moisture or 

metal roof. The moisture then follows the damp air. Increase circulation first, using 'C, If lifestyle' changes do n6P!1ve the 
problem, make any necesary rmr'haicalroof curve down to where the ceiling and natural or mechanical means, to accelerate 

roof join. The problem can be solved ith drying and curtail the environment for adjustments or repairs to reduce moisture 

an airtight ceiling vapor retarder, more deterioration. Allow enough~room w-hen sources and improve the moisture balance, 
attic ventilation and more ceiling insulation, 	 placing home furnishings for proper air 

movement. Allow the cool side of insulated A las res, makeThe principlcs for controlling moisture in 
mobile homes are generally similar to those wall, ceilin, floors.and basementstobrezthe changes that are necessary to halt moisture 

of site-built homes, although the techniques with theuseofpropermaterialsandventing. problems (retrofitting vapor retaders, 

for resolving problems are sometimes In heating climates, in homes with reduced dampproolfng foundation wallk, and die 

different. ventilaion, consider the use of air-to-air like).
 

0 Occasionally, mistaes can create seni
ousmoisture sources. Dripping water from MOISTURE AUDIT FORM
 
recessed electrical fixtures after a ceiling 

COST
 
- " . SOURCE/Never PROBLI.EW " 	 :RFME.DY- ETIATinsulation job calls for fast action. SYMPTON • LOCATION CAUSE 


insulate over these fixtures or old knsob and' YPO OAIN - ,AS EEY ETMT
 
tube iring, as dangerous levels of heat can
 

' 	 -. - build up.' The solution is to replace recessed ' . .
 

fixtures or old wiring before insulating with '''* " " "' 

surfac -iounted light fixtures, then imtall . " ...
 

a vapor retarder and ceiling insulation. ' + " " .
 
+ 

. • : " i'. " .;.i. - - .-. + , , : ' . ' . . . ", .:' 4 

-IV. DEFINE 	 < :. 

iS nIIITIflNSq'.-.-

Once the sources of home moisture prob- 

lems have been Identified, the next step isto
 
define solutions to the problems. Again, the
 
solutions relate to adjusting the home's inos-'
 
ture balance. The followving list of correct
tive and pre'ven'tiv options for 'moisture
 

r + + 
.€,), .,e ", " - - +- • : . ,'' t ;
 

problerrs Will be useful in dlefining solutio'. NAME-' : ,, 

-:+:.):,++!,:, : ;. ,+ :, . : 	 . ... .. =
 

A. 'Reduce the Sources: Stop 'water an d "DATE-
plumbing lek; repair or increase drainag: ENVIRONMENTAL CONDITIONS: 

SJchange hore occpanbehavioral'haibits: 

I'M'' WF 

H-29'' 
 4 
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CH7 , 77YHOMTI.... "AppendixA 
p!IC1rIRELATIYf 141U104T' 

.. ~sn tPPTRtl.'-OISTURE TESTS AND-TOOLS ~ 

ISThe following Lsagroup'Of teits that can 

lpt w moisture problems. The test
 

elavRelat H 'idian d Dew Point -	 ___ :_ ' 

C,,Testsor determining when high RHis i 
uobmic' and discoveoiri dew point tepera- r
 

luires to avoid condensation), the Capillary
 
1.guTest(for determining where poisture is 


corung fromi)and Wood DeterioratioriTcsts. oivUlWdCAUE'
 
_____BULB__ron_theInaddition- informaton isprovided to help 

.you clean and calibrate ahumriitat. A LwC tR-i 	 , 

;RELATIVE HUMIDITY AND 
DEW POINT TESTS simiple low-cost tool isavailable for de- . :-iI.A 

termining indoor relative huraity (see. ii 
Th~e besit method for determining relative Appendix B). It consists of a cardboard c

humnidity (RH) isto use asling psychbome. gauge that iscolor sensitive to humnicity. By 
simply mounting this indicator to the wall, ,FIGURE 29: :THE CAPILLARY,ter made for that purpose (see Figure 28). 

oioe.TEST, 	 IS AN INEXPENSIVE WAY To
Ifasting Isychurmter is itreadilyavailable, hui~t a - oioe.~ DETERMINE' THE .SOURCE OF.....RHcstilb eemndt uiiycnb 

IN BASEMETS.' : '~the RHcnsil6 eemndt iln5MOISTURE 
.pexrcent' by using a standard bulb tjiermro- CAPILLARY TEST. 


. WOOD DETERIORATION TESTS
.~meter. 	 .Cplay 

Hony
R ie 	 CaRlltary moistureiis isupward- nof water through the soil. To Decayed wood is more permeable to

moisture and, therefore, more subject to
iDetermination with a Standard Bulb determine whether this moisture iscomning 

further damager 'and. decay. Reccoiizirig'Thermometer 	 through the foundation walls or floor to the 
inside or' whether moisture iscoming fror. wood decay'is askill that comes with p'ract-; 

I~: Serthe thermometer with a smal! fan inside the dwelling itself, do'the followving-. icc, but snveral symiptomns do stand out. 
1. ldentif'ythe dampinterior surface. Note 'White rot i's probably the worst form of,blowing across .eit until temperature stabi- ..... 	 en 

multiple" locations on the wood decay, and often it isthe mkost diffi- Ilizes and record as dry bulb air temperature. that testing of 
floor or walls may be necessary to locate cult to recognize. Wood infected with white~2. Wrap bulb with small piece of thin cot-
external sources of moistuire. " rot, appears'somewhat whiter than normal.toan gauze wetted Mith water, preferably, 
2. Dry a portion of the damip area approx- 'sometmesrwith dark lIines bordering the

distilled water." 
(A hair blow-" light discolora. on. Because the wood doesn't3. Again turnon the fan and record'the wet iniately 18 inches square. 

' '' bulb air, temperature when it "stabilizes. dryer can quickly dry this surface.) Note "~siblyshn~iorcollapse, peoplesometimes 
'miss the fact, that wood with white: rot is,I'Note With two thermometers the test is 'that lower 'areas below grade may be more 

prone to high moisture content. senously weakened 'and possibly,'ready'to 	 "" ' 

cI npl'etid more quickly 'and is,probably 
3. Cover the dried area withavaporretar-' 'collapse. In'advanced stag es,' crack-:' ~more accurate, but the two'thermtometer-s 


must read the same before the test, " der, preferablyplyethylene, firmnly attachred ing across the' grain occurs w1it white rot.
 

4. 	 'Use the dry bulb and wet bulb'tenipera- and sealed with tape a-round the edges (See '"In contrast, brown rot readily shows as a 
brown'color or browni streaks on the face orturei and the psychrometric chart to deter- Figure 29). 

m~rine RH,. 4. Check the underside of the vapor retarder end grains In advaniced stag'es, th~e wood 

~5. Next, ,se theRH and dry bulb tempera. after acouple of days. If there are becads, of appears verydariaged, with surface shrink,

iture to'cdetermine dew point temperature moisture under the vapor retarder, there is 	 ing and collapse, as wA1 as cracks across. 
water seeping or wicking through the sur- the grain. Both white and brown, rot arefrom ihe psychrometric chart, 
face into the dwelling. However,- if the seriousforms o'f wood decay that deserve,,
 

SPIN HANDLE vapor retarder is wet on the room side and trea tment and/or,woo,di placerment.
 
dry underneath, the dampness isdue from ,Soft rot'and blue stain are le" d maging
 

WET BULB another source of moisture, such as plumb-' forms'of ,vcod decay tha.t tend to be 'more,
 
TEMPERATURE las vniainTecnesa '~orot*~" 

iMg lasor poor vniao. 7-'.nds-acieo -d~ surac."5f o reciOiU A
'"THERMOMETER 


a' 6on is forming due to warm moist air cooled able be~ause the w dsurfac ape~,~'an "t
 
ito its dew pint by the cold masonry sur- anpoc,,ree gdit 
face. It ispossible for both sides to be damp wNO~d incol'r;Tle soft rot decay isslwe 

TERMETrURE nal condensation problems. indcates-tonm hat'ekencd w 

' " ' '' * blue, browish l~ iV y o?~~a 
The discolorat ct.IFtl

NOTE: This test is sometimes difficult to orid' stamnsing.' ~ IwacultWETTE'''''' 

flwpt cm3adther ground iaertal iPenetrt th'e wo- clls nd is not asiir-'
~EUR E 1 283: . ,A SLING interpret, Seasoral vaniatonsminsurfacewater, 

fa 

PSYCHROMETER IS A HANDY TOOL ouC stain 
IN DETERNiINING INDOOR RELATWE~ can cause confusion,.,oumay net-cl to sceK 1-efloigtet anhl you de 

rinc if the wod. decayprcess hssaf'urt~ier profsisional Mc.e m~~iV 
ha stat7n" i~"Vii.~.'~L 

i 



A rA :i '¢ ,i il7",,' p lil!i!+i: 

i ! ,i
 
AAAA A-AI, , A Cleaning-,<, the contact points iseasily accom- 

06T Ad drawing a piece of clean paper
This test is a simpk means for detecting the bctween'tlhe points to remov idti. 
toughness of wood fibers aInd t'estzng 'for4 The elemen~t can be cleaned gently w.ith
 
hardness. One of the first indicatons of.A Averysoft brsiebrush and distilled water, ~
 
wood decaytsrdi'edt'Igneatis most Allow theelement to drout before tryi g .
 

reliable Gn th'oroughly weted w'ood. toclb'tt device.' ~; 
pointed instruLiit of tough Tadjst vice first determine the, LONG SLIVER S j

lI ,ir -shariipened---relivehumidity of-Lhe-aW wherethe-Cn-, - 'S OUND'

trol device is located using the previously WOOD 

.. A sharp o theih 

screwdrivcr) isjabbed Into,Lhe wood aos 
poin cotat,2.i Tbeesstnceopim :w! andi:;th Ch&C Wil athn th 

the grain1 and pried up see Figure 30). descnbcd techniques. pitcnattr 
SLIVERS AS Whis theOAT*aLhI 

a h umdt control knbto the relative ARRUPT BREAKS2. ao h bcrwx tbek
i he 


indicators of the wod's toughness. Wetted humaidity that was just determined. If the
 

wood in good condition Lifts with a long points do not dlose or prematurely dlose at FIGURE 30: THE PICK TEST ISA 

slivei'or breaks by slivering. Decayed wood the setting, turn tie adjusting screw until SIMPLE WAY TO DETECT WOOD 

breaks out With les resistanrce and lifts/breaks, points are adjusted properly. DECAY. 

as two relatively short lengths breaking
 
abruptly across the grain without Splintering. COTRL NO
 
Wood surfaces that have reduced tuh DUTN CE
 

ness may also appear rough or fibrous. 

t~rjticsbraks re oftheslicrumidty wa nobINDICATE DECAY 

SAW TESTCNOLNOPIT 

Cutting a piece of wood (board or timber) I'~ 

will produce a rougher finish cut on wood :
 

even in the early stages o da t
 

Infected wood. This is a good test for pur
chase of lumber, logs for constructon, and
 

IA so forth. 

JAB TEST HYGRCSCOPIC ELEMENT CNAC OIT 
A AE 

Wood decay can also be detected by jab- (AR RTP)A 

binw or scraping the surfacer with a sharp FIGURE 31: LE-ARINING ABOUT THE comPoN-EN-rs OF A TYPICAL 
HMIDISTAT CAN HELP WHEN CAUBRATING THESE DEVICES.

pointed instrument. Start at ground level or 


below, and workup. Note areasthat appear,' :
 

soft for other symptoms of decay, such as
 

wood color and text-are changes.
 

TAP TEST 

Tap the surface of wood to detect Sound
 
differences. A sharp, dlear, almost ringing
 
sound is typicad of good, dry wood. Adull.k
 
dead, soft sound is characteristic of wet or
 

decaying wood. 

CALIBRATING HUMIDISTATSA
 
AND DEI-WMIDISTATS
 

Huniidistats and dchumidlistats measureFigure3cul...S _31).
the moisture content of the air through ser.,-

A.lA AlA3 A A A:31ArA AA A -ArA.3r A9.IA AA r ac ur te.. A A r.A A AA AA ,..
ing devices. Theiy are designedc to control "ArA Iofw 1* Ali!" A....
9 

"A 1r1 

the A1A r in-confined = ....: : [7: .:, ] :: AAAA::,
relative humridity spacei. :3 31 3 3 

A*~The element that controls the device is a 

niatenal that exp?ncis as it absorbs niois-


A,- A1 A A ' Ar rA A1
 
ture and contracts when drying. thus open-A
 

rIng and closing the1 electrical circuit of the 
 AAA 

or deliunudi.fier mechaism \,hen'l Ahumnidlifier 

A'Aeoedryrlni~ndo~, teeeetshortened, these devices may no longer beA
WI]i1;AA'r ,AAAAAir.A3 Ar1
::i:A 


r AiA 
!I~~~HArr.r 

Ar _A 
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* 'GGESTED "NEWREADINGS, 

?ODUCTS AND FURTHER' 


ERENCES 
~ 4~7~-

:A~~R~AR ~HueeeCA, 
Eyre,,D, and Jennings, D.. Air Vapor 
ir-ie 198). Available from Canadian 
iliSubstitution Branch, Room 1120, 
eay Blg., 4600ConnorSt., Ot-awa, 
anro KIS 5H3. 613,995-11 18. 

arshail Brian and Argue, Robert. The 
upjernulatedRetrofit Book, Renewable 

'er'g' in Canada Publishers, Toronto, 
4tario, 198 1. 

ENTILATION 
Nhe C NDA R , 

U.S,,a , ;, f_\,p-cu~tr c.Prnc;~c"3Hinhptr exterior,paper ta rahz 
for Protc'unzVrxBw'Jdawi From Dvj' 

'Fore-st Service Rcseagch Note FPL. 190, 

Madiswni. WI, 17. 
'~ 

DriskoR.,,PaintFaure-Cause 
Rce,s Techdata Sheet 82.08, Naval 

1982 

Specific information on wood preservative 
treatmnt can be obtained from: Amrican 
Wood Preserver3' Assoclation, I ?r25 Ey e 
St.NW, Washington, D.C. 20006. 202/ 
931-8180; andA< icanWoodPrve' 
Intitue, 1651 Old Meadow Rd., Mclezan, 
VA 22101. 703/893-4005. 

SPECIALTY PRODUCTS 

The following product list isprovided to 
the rede locate new, unusual or hard-pu 

yjet, stops air Movement is being used 'to 
chrnce insulation effectiveness inhigh. R 

newconstctin nd eroflThis product 
is available from;n 

-and, 
PARSEC 

t' 

DalIa'3, TX 752386 
M0/527-3454 

Productn olesTreVEK t 
E.I. DuPont. 17ibers Dept. 
Centre Road 
Wilmneton, DE 19898 
M0/41-7515 

A variety of products are available for 
fixing moisture problemns related to weights 
in double-hung windows. These products 
and their distributors include: 

C. PodutsC-Fudarnntasof~si- to-find products that relate to moisture con-
e-ntialAttic Ventilation, Princeville, IL, 

4. 

changers Brick Houie Publishing Co., 
bridge, MA, 1980. 

INAGE AND WATERPROOF-
G METHODS FOR 

OUNDATIONS 

M8.sR.A., Kapple, WH., and L-alrun, 
.T.. Basements, Small Homes Council,
3niersityoflIllinois, Charnpaign, IL, 1953, 

'tidergrouind Space Center, Earth Shel-
redJHousingDesign-Cuidelines,E&am-
lies and References, University of 

lanesota, IAinneapolis, MN.ater;:~PO.Bo 
$used 

Basement Wa'terproofer,'iNewShe/terI 
p39-48, April 1981.. 

arahla itz-Hugh, "The War Against 
ater,"New Shelter, pp. 30-32, January 

982. 
$4 $Tremxo 

QOD FINISHING AND DECAY 

.S, Department of Agriculture. Wood 
'iAshng: Water Repel/ants and Water 

4,laiPreservatives, Forest Service 
se ard~n Note FPL-0124, M adi-son, WI'' 

I78,~% 
$ ~~'~~'' 

S. Department of Agriculture, Wood'. 

trrl or measurtrnent. Reference to acompany 

or product name does not imrply approval 
or recommendation to the exclusion of oth-

VAPOR RETARDER AND 
BREATHER MATERIALS 

A new type of tough polyethylene has 
been developed especially for use as an 
air-vapor retarder. Known asTU-TUFF 
it isavailable from: 

Sto-Cote Products., Inc.$ 

IL 60071 

800/435-2621 


$Richriond, 

'LII 

* 

Acoustical sealant is' a special sealant3~ 10 i ,al fo 
to stop sound transfer. However, it 

has also become the major sealant for poly-$$ 
ethylene vapor retarders because testing 
revealed th'at it stays flexible and does not 
mAke the plastic disintegrate. This type of 
acouscal sealant isavailable from: 

10701 Shaker Blvd. 

ClvlnOH 44104 $714/825-1793 


216/229-3000 
$Brooklyn 

Special pla-stic pa-ns (also called "poly-
pans") to protect the integrity of the vapor 
retarder around electrica and plumbijng

'runs are available from: <' 

(Sa-sh-cord pulyseal) 
Andersn Pulley Seal,, Inc. 

920 West 53rd Street
 
Minneapolis, MN 55419
 

(Double-hung window position control
spring clips)
 
Gro'yco Sales Company, Inc. 
537 Easton Road ~
 
Horshanm, PA 19044
 

$ 

rgtPout o 
2515 Wabash Street $

St. Paul, MN 55114 

(Positionconolwith windowamibchanne.6) 
Quaker City ManufacturingCo. 
701 Chester Pike
 
Sharon Hills, PA'19079
 
21i5/586-4770
 

Specialty instruments; for measuring humrid
ity are available from: 

Humidial Corp. 
P.O. Box 464 
Colton, CA 92324 ' 

'". ' 

"" 

Thrmometer Company, Inc.'' '" 

90) Verdi'Street '' ''
 

Farmzngd ale, NY 11735 $
 

516/694-.7610 -$
 

' 

Preservad4q Resource Gjroup, Inc.' ' 

anbo'Wo-s n I~i'rng4,lth4\151 Southampton Ny~'e ~ 
a'eia USXH'dooNo. $72,44.7726 Molrgan Avye .S. Springfield, VA 22151 

Madso,~l 974. " in~M ne'polis, MN 55423-M '804/323-1407,"'
""'4V' '""~'~" ''- 612/866-7672 . 44 4"'~ 

( M.i 4 4,4 "~,7,'< 44 '$ .4>4444'4 

;42.44~Ai'$ ~ ~ ~ ~ ~ ~ ~ H 4< 44'"'. . 4 22'"~,' 

http:ater;:~PO.Bo
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FURTHER REEECSSelvagg, 

T1hIese, publications were also instru-
mental in the production of this document. 

Anderson, LO. "andShcrwoM G. E., 
Condensaton Problems in Your House: 

.. ed& Solut~ion USDA, Forest Scr-
vices Bualletin No, 373, U.S. Governme'iPrinting Office, Washington, D.C. 

Percival, D. H. ITechnical Note #9, 
Constiruction for Attic Ventilation, Small 
Homes Council, Building Research Cowmcll, 
University of llinois. - : 

Jones, R.A., Crawispace Houses, F.4.4 
Council Notes, Vol. 4, No. 2, Small 
Homes Council-Building Research 
Councdi, University of Illinois at Urbana, 
Champaign, IL, 1980. 

U.S. Departmnt, ofEnev, Offce ofAss 
tant Secretary for Conservation and 
Solar/Office of Building and Community.
SytesReieil onevainevieNC-79-008
Systern a,,R.5ide~ntial onscrvation Service. I.INFORMATIVEDOEA.T.' 
(RC-S)AuditorTrainingManual-,Chapter
7, Moisture Control, Washington, D.C.,GR NTSRE ATEDTO 
1980. 

"Condensation LnAttic: Are Vapor Bar 
ers Rtally he Answer?" G.S. Dutt, May 
15, 1979, Energ and Buildings, Vol. 2, 
#4, 1979, p. 251-258. (Study from 
Center fo,. Energy and Environmental 
Studies, Princeton University, Princeton, 
NJ.) 

American Society of Heating, Refrigera-
tion and Air Conditioning Engineers, 
ASHRAE Handbook 1981 Fundaen-
tali, New York, 1981. 

Ceilings of Retrofitted Houses, report by 
Special Ad Hoc Task Group under co-
tract to National Bureau of Standards for 
Division 'of Building and Community 
Systems, DeparteUntt of Energy, Dec. 29, 
1978. 

Duff, John E.,i'eloisture Conditions of a 
Joist Floor over an Insulated and Sealed 
Craw/space. Forest Service Research Paper 
SE-206. 'Southeast Forest Experiment 
Staton, Asheville, NC, 1980. 

,Tsonga-s, George A., and Sieton, John anid 
:Odell, Inc.,FiedStudy ofMoisture Dam-
age in W/ills Insulated Without a aipor 
Bamer, Prepared for the Oregon Depart-, 
mentofEnergyORNL/SUB-78,97726'1, 

" Dit. Caiegory UC-95d. Contract No. 

John A..ResidentialHumidirica-
dion Versus Energ Consumption, Res-arch 
Products Corp_, Madi!,n, WI, 

-both 

Rowley, R.B., Algren, 'A.B., Lund, 
C.E.,"Condensaion of Mois'ture and Its 
Relation ,to Building Cotruction a 

-,-,.. ..
,- ,. 

1 ,Operadtin " Bulletin No. 1'8. Bulletn of 

&hUniversityo Minjoa'ngne iE Station, Volf18SNyea:r6oSeptf 

10, 141.' 

H.R.TrchaelPAsciates,ProbanDe6-
nition Study of Rcquirements for Vapor, 
Barriers in the Building Envelope, CR 
83.1306, Germantown, MD, 1982. 

Sherwood, Gerald E.andTenwolde, Ant, 
Moisture MovementandControlin Light-
Frame Structures, Forest Products L-ab, 
Madison, WI, 1982. 
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MOISTURE 

The National Center for Appropriate 
Technology has drawn upon the exper-
nces ofnumerousDOEAppropiate Tech-

nology granitees to develop this publicaion. : quewm also incororated into the design., 
Listed below are selected final reports 

which proved to be particularly informa-
tive in addressing specific moisture-related 
problems. Ths data iscurrent through May 
1983. Fnal reports and adcdonal inforna-
ton about these grants can be obtained 
from NCAT upon request. 

KANSAS ~ 

Conro oaCnd.s..n.. .e.. es 
n te WftsandDE-FG02-79R5Contol f Cndesaton 

NORTH-CAROLINIA 

A demonstratio -n house that emplo)-ed 
solar, and energy-conserving building 

technolgies wa-s constructed on the camn-' 
pus of the North Carolina State University 
inRaleigh. The design included a supace, 

t gspace,:ti h.!nhe'that could easily bejisolated from 'the living. ,,, 
ant d inbi 1 heutsof11coo he t earsing 

monitoring indicated a yearly heating and 
.coolingbill of under $40. A polyethylne 

prrtdrwstchdtteinror 
wall underneath, the sheetrock to, halt the 
migration of moisture from the house into 

.t insulation. :' 
Grantee: , 
Herbert E•kerlin 
Department of Meca-nical and 

' Acrospace Enneering 
North Carolina State U. 
Box 5246 
Raleigh, NC 27650 
DOE Contract #: 
DE.FG44-80R410I41 
AATMIS ID 

.
 
OHIO 

The grantee constructed apassive solar 
house, which integrated massive thermal 
storage and awood back-up system into a 
forced-air heating system. Large amounts 
of insulation and infiltration-reduction tech

ne grantee used ar effective foundation 
drainage system that helped avoid typical 
basement moisture problems experienced
by others in the vicinity. 
Grantee.-
T thy KiIn p_ :2derpe S i 
Ro51evhale,OH 4377VllRomvleOH 43777 

DOE Contract: 
10146 

A 1,600 quare- footpassive solaxh" Ij ATMIS ID: 
withanattahedgrnhow was const9.ted. OH..790 05 
The deign also incorporated the use of a 
trombe wal. A 6-mil vapor retarder pre-
vented moist, interior air from penetrating 
the 15/ inches of fibergla insulat6on inthe 
roof. Rigid insulation was used on'the exte-
riorofthiearth- bermed, high-mass building. 
A woodstove was the source of back-up 
heat. T'he purpose of this project was to 
demonstrate how various buildingtechnolo-
gies could beintegrated into asmigle dwell-

ing to, conserve eneirgy.....ercialized
Grantee: 
Ross and Carolyn Duffy 
224 Circle St. 
Topeka, KS 66606 
DOE Contract #DOE 
DE-FG47-79R701014 

'VERMONT 
; .
 

A prowot[, r edtial-scaleheat exchan
ger was designed, built and tested. This 
innovative system includes a defrost cycle 
which ha-s been successfully teste'd innorth- ~ 
ern climates..The heat exchanger can effec
tivelyremiove moisture from energy-efficient, 
airtight houses. The product of this rsearch 

ssince be...
Grantee: ' 

The'Mcmniphremegog 'Group 
Box 456 
Newporit,%VT 05855 

Contract # 
DE FG4I-80Rl 110348 

'AT,%' 1A5, ID: 
VT- 0. 004 
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