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ABSTRACT

Passive solar heating systems can supply a major portion of a house's
heating load if properly designed. The four basic concepts used are direct gain,
thermal storage in wall or roof, solar greenhouse and convective loop. In most
applications some of these concepts will be combined to give better overall
performance. Technical advances will make passive solar system function even
better. How far the technology advances to, will depend on how well passive
solar systems become accepted. To further the use of solar energy an integrated
approach will need to be taken. One which will combine the best of active and
passive systems to produce a system that supplies 100% of the house's heating
load.
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PREFACE

Passive solar heating systems can supply a major portion of
a house's heating load if properly designed. The four basic concepts
used are direct gain, thermal storage in wall or roof, solar
greenhouse and convective loop. In most applications some of these
concepts will be combined to give better overall performance. Technical
advances will make passive solar system function even better. How
far the technology advances to, will depend on how well passive solar
systems become accepted. To further the use of solar energy an
integrated approach will need to be taken. One which will combine the
best of active and passive systems to produce a system that supplies
100% of the house's heating load.
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INTRODUCTION

Passive solar heating is defined as using solar energy to heat a
building, wichout the use of non renewable energy. The heating is
basically done by letting the sun's radiation into a building's interior,
to be stored in some kind of thermal mass or to heat up the air space.
Using the sun for heating and cooling goes back to "the ancient Greeks,
who enunicated the basic principle of passive heating: face south,
where the sun spends the winter; keep the winter winds away by embankments
or vegatating; shade against the sunmmer sun; let cooling be done by
evaporation water; work with, rather than against, nature. 5A This
project will only cover passive heating, but most passive systems
can do some cooling. The four basic concepts are direct gain, thermal
storage in a wall or roof, solar greenhouse and convective loop.
The direct gain concept allows the solar radiation through south
facing windows or clerestroies to be stored in the walls or floor of
the house. Thermal storage in a wall or roof allows the solar radiation
to come through south facing glazing and then directly onto thermal
storage, with no direct solar radiation entering the living space.
Masonry material or water are normally the thermal storage mediums.
The solar greenhouse concept uses the solar radiation captured by a
south facing greenhouse for heating. Convective loop is similar to
flat plate air solar collector, except the air is circulated by the
thermosiphon process instead of .y a fan. Many houses use a combination
of the above concepts to make up their passive solar heating system.
These concepts will be covered in detail later.

A house that uses a passive solar system for heating will have to
be sealed as well as possible to reduce the, infiltration heating load.
In this time of dwindling energy resources any house should be sealed
to insure the minimum heating load. Generally the economics of passive
solar systems will not be addressed in the project, because it is
difficult to assess the cost of the system. The economics analysis
that has been done has shown that passive solar heating is economically
attractive.

How the sun's path across the sky changes with the seasons, aides
the operation of passive solar heating systems. During the winter
months the sun is low in the sky, which is good for the collection of
solar radiation on a vertical surface. During the summer months the
sun is high in the sky, which will help prevent the collection of solar
radiation, on a vertical surface. Thus the sun's position in the sky
directly enhances passive solar systems operation, by allowing good
collection during the winter months and poor collection during the summer
months. The farther north a house is located the lower in the sky the
sun will be, which will improve the collection of available solar
radiation on a vertical surface. For a house to have an effective
passive solar system it will have to have a wall that is within 20
degrees east or west of south, which has no obstacles in the path of
the solar radiation to the wall area. The house shape that will provide
the optimum collection of solar radiation is a form elongated along the
east-west direction.

Exhibits 1 , and 2 , will give some idea of how well passive solar
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(Based on national averages; not to be
used for design purposes)

CLIMATE REGIONS OF U.S.

3|

Lowest number means
least insolation per
year. Highest number (Based on national averages;
year. not to be used for design

purposes)

ANNUAL MEUN DAILY SOLAR RADIATION

EXHIBIT 1

page 2



The percentage of possible
sunshine is the percentage of time
during the average year that the sun is
bright enough to cast a shadow Pcross a
surface, divided by the number of hours the
sun is above the horizon.

ANNUAL MAN PERCENTAGE OF POSSIBLE SUNSHINE

Climate's potential for solar
heating during heating season: Excellent sunshine is combined with high
heat demand in area 1, moderate heat demand in area 2, and low heat
demand in area 3. Good sunshine with high heat demand in area 4,
moderate heat demand in area 5, and low heat demand in area 6. Fair

sunshine is taken from TRW, Phase 0 Study, "Solar Heating and Cooling

of Buildings," Nationl Science Foundation, 1974

EXHIBIT 2
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systems will perform in different parts of the country.3 These
maps show that passive solar systems could be used throughout the
United States, with the worst performance in area seven of
exhibit 2.

An important factor to consider when designing a passive solar
system is the microclimate of the area the house is located. Often
the weather patterns surrounding one house will be different from a
neighbors house. These factors may be natural wind breaks, large
bodies of water, mountains, valleys, open plains, landscaping and or
proximity to surrounding buildings. Whatever the microclimate is it
should be considered when designing a system. Another thing to consider
is the benefit gained from broad leaf trees. These trees will be bare
during the winter months, thus allowing solar radiation through, and
full of leaves during the summer months providing shade to keep the
house from overheating. The biggest problem with passive solar systems
is the temperature fluctuations. For a passive system to work ther-
has to be changes in temperature, but if the system is improperly
designed the temperature changes cam be too great. Initially, the lack
of adequate design parameters resulted in some poorly designed systems,
which had large temperature fluctuations, and has given passive solar
systems a bad name. The expericene gained from the initial design
attempts has produced better design procedures, but the procedures are
still too complicated for general use to be adopted.

The problem of overheating has resulted in the use of fans to
transport the excess heat to a separate storage medium. The use of a
fan in passive systems has created a conflict among designers. The
purest position is that the use of an electric fan makes the system an
active one. Others try to put a coefficient of performance (50) limit
on when a system is passive or active. As far as this project is
concerned, as long as the basic system falls within one of the passive
concepts, then it is a passive system. If a fan can increase the
system~s performance theni it is the logical thing to do. The systems
with a fan will be referred to as hybrid passive solar systems.

People who have lived in houses with passive solar systems, that
operate correctly, have liked the interior environmental conditions.
Passive systems do take some time to lear-n how to operate, to get the
most comfort, but once the system is learned the interior areas can
be kept comfortable. A factor to consider with systems that use
radiant heat, is the interior air temperature can be lower than
conventional systems and still be comfortable. The reason for this is
the radiant heat from the wall or floor can be felt as warmth. Also
to be considered with a passive system is that there is no noise from
mechanical equipment.
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DIRECT (" T

Th urcct gain passive solar system is the simplest approach when

using solar energy. The system simply allows the solar energy to enter
through south facing windows and be absorbed in the mass of the house.

The reason this system works is solor energy (short wave raidation) will

pass through the glass, with very little loss in energy, and be absorbed

by the mass of the house, which will then emit long wave radiation that
will not pass easily through the windows. The windows will be a large
source of heat loss due to the inside-outside temperature difference and

the window heat transfer coefficient (U). A method used to overcome this
heat loss is to use movable insulation, to be covered later, to cover
the windows when there is no solar energy available, mostly at night.
A direct gain system will need an overhang to prevent the summer sun,

which comes from large angles from the horizontal, from coming into

the house. 5B

The problems with direct gain systems are large temperature swings,
expensive thermal storage mass, strong directional daylighting, glare,

and ultraviolet degradation of fabrics. There will also be temperature

swings of 15 to 22 degree fahrenheit during the winter months, which

can be unacceptable to scme families. These large temperature swings
are also an indication that the system is not working very well. The

movable Lisulation can help the situation, but there is still the
overheating which is energy that could be stored at a lower temperature,
and thus last longer and be available when there is no solar energy. 5B

The best and most economical place to put the thermal mass is the
floor, but a masonry floor that can't be covered by rugs, furniture

and other things normally used in a living space would be unacceptable
to most families. The area generally used is the walls, which is more

expensive to install. There is also the problem of getting sufficient
area that is directly in the sun's rays. Thus the walls will require

extensive and expensive mass. The roof can be used for thermal storage,
which would be very effective because heat raises. The obvious draw

back is the expense of using heavy thermal mass on the roof. With the
use of a phase change material the excessive weight could be somewhat
eliminated. The following exhibit 3, shows the basics of direct gain

passive solar heating.

HOUSE AT CROOKED CREEK (SEVERE CLIMATE)

A house constructed in Dubois, Wyoming, which has a 10 month heating

season and is very cold, was designed to use passive solar energy. The

house was designed as a long structure with three large clerestories
facing south. The clerestories allowed the direct radiation to enter the

rooms above eye level, thus reducing glare and filling the space with

reflected light. The house is very well insulated and includes an air-
lock entry. Reinforced concrete block forms most of the house, and along

with an 8" concrete floor slab make up the thermal storage of the house.

The insulation in the wood walls and roof is R-22, in the block walls
(urea-formaldahyde foam sprayed in wall cavity) is R-30, and a 4" styro-

foam board at the slab edge (R-18) is used. All the glass is thermopane.

Roofing is corrugated metal. 5C
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The collection of solar energy is by the clerestories which had
to be sized to insure sufficient energy could be collected. The glass
area calculations were based on a minimun exposure to a 15 degree
angle of incidence (December 21 average, 45 degree north latitude).
After heat loss calculations, the window calculations resulted in 100
square feet for each living area and 85 square feet for each bedroom.
Total insolation was calculated to be 2,300 BTU per square foot per
day, of which 2,000 BTU per square foot per day (December 21) is direct
radiation, plus 15% for clear day reflected radiation, and also some
diffuse radiation. Transmission of, radiation through thermopane glass
is 75%, which gives a total radiation entering the house of 1,725
BTU/ sq. ft./day. The windows were inset 12" to try and maintain
a cushion of still air in front of the windows and thus minimize
daytime heat loss. 5C

The storage of energy is in the walls and floor. Direct radiation
strikes the plastered block walls (sand finish to help insure diffuse
reflection) and reflects the radiation to the floors. 25 to 30% of the
direct radiation will be absorbed by the walls as determined by the
thermal admittance and acceptance of the masonry masses. The acceptance
and admittance formulas are by Mazria: Solar Energy Workshop Workbook,
December 5, 1975. The masonry wall can admit, or store, 45-50 BTU/sq.ft./
hr. of the approximate total heat exposure of 200 BTU/sq. ft./hr.
before overheating at the surface. Which is why the light color for the
wall surface was selected to allow only 25 to 30% of the radiation
Atriking to be absorbed. The black slate finished floor accepts 90 to
95% of the radiation striking it. This process of calculating and
balancing color allows the maximun storage of energy, by minimizing
surface overheating. This helps to insure energy for nighttime heating
The mass in the building is calculated to store one days heat within
a 10 degree fahrenheit temperature swing (65 - 750 F). The amount of
mass was determined from the thermal capacity of the walls and floor.
All calculation assumed R-8 Technifoam shutters over the south clerestories
at night. 5C

The actual performance data was collected without the shutters.
During clear days the temperature fluctuated about 15 degrees (60 - 75)
with outside temperature ranging fron 10 to 25'F daytime and -10, -00 F
at night. There was a need for approxi-mately 2 hours of nighttime
heating with a "Franklin" woodstove. The house used one half cord of
white pine from August to the end of November. There was only a
maximun 5 degree temperature difference between the floor and the peak
of interior spaces, because the mass radiates very slowly and gradually,
causing the heat to migrate slowly. The house was monitored for a four
day period of continuous snow. During this time outside temperatures
ranges from -100 F to -350 F, while the house never fell below 50OF
without any auxiliary heating. The reason this temperature can be
maintained is there is enough diffuse radiation reflected into the house
to maintain this temperature. This also shows what can be accomplished
with a well insulated house. 5C

When the walls and floor are warmer than the air space, as it is
with a direct gain house, the house is comfortable at 650 F as compared
to 75*F in a conventional house. Also around sundown when the house
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changes from direct solar radiation heat to thermal energy (from
the walls) the house will experience a chilly period of about 30 minutes.
Once the walls begin to radiate, the house feels warm again. 5C

HOUSE IN CENTRAL CALIFORNIA (MILD CLIMATE)

A passive solar house that is located in a mild climate (central
California) has been designed to give essentially 100%1 passive solar
heating and cooling. Only the heating will be addressed in this project.
The location has 589 degree F days of heating with a relatively
dependable sunshine and large dirunal swings (28 degrees in winter and
32 degrees in summer). The house was built with materials and construction
techniques standard to the area, and has 1,500 square feet of living
area. This requires only 400 square feet of south facing glass and
2,000 square feet of thermal mass (mostly 2" thick), which will allow
the system to operate 24 hours a day. The temperature swing predicted
for this house is 22 degrees F (640F to 840F). This does not take
into account movable insulation on all south facing windows, which
would improve the performance. 5G

The thermal storage is based on diurnal storage, which is optimal
at about 2". The floor is a 4" slab on grade, on concrete block wall
capping, laid on a wood decking, filled with grout and sealed with wax,
to give a light colored semi-reflected finished, so that the insolation
will be spread over all the high mass surfaces. The thermal mass on
the walls are 2" plaster where the sun strikes the walls from one side
and 4" plaster where the sun strikes the surface from both sides. 5G

Collection of solar energy is accomplished as shown in exhibit 4.
This design shows that with the proper climate conditions a house can
be heated and cooled almost 100% by passive solar energy, and be built
using materials and construction techiques standard to the area,
keeping costs down. An example of how costs compared to a conventional
house, is the cost of the high mass wall which was 70o, per square foot,
as compared to 63c per square foot for a typical 1/2" gypsum wall
with 2" X 4" studs. There is no actual performance data available. 5C

RETROFIT NEW MEXICO ADOBE

The retrofitting of a direct gain system to a house will usually
take considerable remodeling if the system is going to be effective
in using solar energy. The house will also have to have a large amount
of south facing wall. To install the needed south facing windows and
storage mass in the house will probably require structural changes,
which would be very expensive. Where retrofitting can be effective is
if the house already needs extensive remodeling, and is situated such
that there will be sufficient south facing wall area. An example of
this type of remodeling is an adobe house in Alcalde, New Mexico.
This house needed extensive repairs. The owner decided to convert to
solar energy (direct gain) with the remodeling. The house was ideally
suited in that it was made of adobe, giving it mass, and had sufficient
south facing wall. The solar retrofitting with remodeling cost
$15,000, as compared to $14,000 that a contralctor estimated for just
the needed repairs. The estimated total heat loss, with a 15 degree F
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average 24 hour temperature, is 185,000 BTU/day. The estimated solar

gain through the 180 square feet of winduw is 180,000 BITU/day. The

180,000/day is based cn 1,000 BTU/sq. ft./day, which is a clear day

value. The south windows have reflectors which will increase the

energy gained (30% by Steve Baer's rule of thumb), and should make

the house very close to 100% passive solar heated, considering the

area of New Mexico. 5K
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THERMAL STORAGE IN A WALL OR ROOF

TROMBE WALL

The Trombe Wall, named for Dr. Felix Trombe one of it's developers,
is a passive system that uses thermal storage on the south wall of
the house. The exterior of the wall is painted a dark heat absorbing
color, to insure as much energy is absorbed as possible. There will
be either one or two layers of glazing mounted several inches from the
wall. If it is desired to have both daytime and nighttime heating the
wall will have to have vents at both the top and the bottom of the wall.

These vents will have to have dampers to prevent the reverse flow of
heat through the vent and out the windows at night. Exhibit 5 shows
basically what a Trombe Wall is and how it works.

As exhibit 5 indicates solar radiation (short wave) passes
through the glass and is absorbed in the wall. The thermal energy,
in the wall being at a low temperature, producing long wave radiation,
will not pass easily through the glass, thus capturing the solar energy
in the house. Exhibits 3 and 6 also show that the daytime heating
is done by a natural convective loop, and nighttime heating is done
by radiation from the thermal storage wall. 5B

In the Trombe Wall, the selection of how much and what kind, of
material to use for the wall is critical. Normally masonry is used for
the material, but with the development of phase change materials
(to be covered later) there may be a switch to this less space consuming
material. Temperature swings, as experienced with direct gain systems,
can be reduced, due to the smoothing achieved as the temperature wave
diffuses through the wall. There is also a time delay between when
tl.e solar energy is absorbed and when the energy enters the house.
Usually this time delay is from 6 to 12 hours, wnich gives the maximum
heating when most needed, at nighttime. Exhibits 7 and 8 show the
smoothing etect and the tine delay of th Trombe Wall. 5B

The results in exhibit 7 are more extreme :.aan would be observed
in a house, since test rooms have a large ratio of collector area to
load (4.3 sq. ft. of collector per BTU/hr. OF), and consequently the
inside temperature averages about 50 degrees F above the outside
temperatire on sunny midwinter days. 5B

The thickness of the wall can be some what flexible because of
the time delay. The thickness that gives the maximum annual energy
yield to the building is 12 inches. With a 12" wall there will be too
much of a temperaLure swing, which results in uncomfortable periods
when there is an extended cloudy period. The usual design uses a
16" wall, which will give more storage and less of a temperature swing.
The exhibit 7 lists the characteristics of a solid concrete wall
during sunny days with double glazing. 5B

The Trombe Wall can be used a number of ways as a passive solar
system. The Trombe Wall can be used by itself, but will need the vents
for daytime heating. The Trombe Wall can be combined with an attached
greenhouse, still using the vents. The Trombe Wall can also be used
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THERMAL THERMAL INSIDE TIME OF
STORAGE STORAGE DAILY INSIDE
MASS SURFACE AREA/ TEMP.OF TEMP.
BTU/OF GLAZING AREA SWING PEAK

DIRECT GAIN 37 2.8 38 3:00 P.M.

16" TROMBE WALL 32 0.84 26 4:00 P.M.
(WITH VENTS)

16" TROMBE WALL 32 0.84 9 "0:00 P.M.
(NO VENTS)

WATER WALL 35 1.01 25 4:00 P.M.

THICKNESS INSIDE SURFACE TIME DELAY
INCHES TEMPERATURE OF PEAK ON

SWING THE INSIDE

8 40*F 6.8 hrs.
12 200F 9.3 hrs.
16 lOOF 11.9 hrs.
20 54F 14.5 hrs.
24 2"F 17.1 hrs.

E2GHIBIT 7
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just as a nighttime heating device, no vents, and some other form of
heating during the day. How the Trombe Wall is used will be up to the
designer.

The problems with the Trombe Wall is the high cost of construction,
it takes up valuable space within the house, and it may not have a
pleasing appearance to some people. The problem of loss of heat at
night, through the windows, can be reduced by using movable insulation
between the wall and the glazing. Any overheating that takes place,
can be resolved, but with proper design shouldn't happen.

DOUG KELBAUGH HOUSE

The Doug Kelbaugh house uses the Trombe Wall with vents as its
passive solar heating system. The Tronbe Wall is constructed of 15
inches of concrete,which has been painted with 3M Nexel (special
black coating) over masonry conditioner. There is double glazing in
front of the wall, giving a total of 600 square feet of collection
area, plus the attached greenhouse. The vents are located at the top
and bottom of each floor level. After the first winters occupancy it
was discovered that dampers were needed to stop the reverse thermo-
siphoning. The dampers were made so that they would operate passively,
and are made from a light cloth over a screen that would only allow
flow in one direction. The house also has an attached greenhouse,
which will be discussed at a later tine. Since the house is two stories
there was a problem with the upper story always being hotter than the
lower story. This was resolved by closing off the lower from the
upper level. Exhibit 9 is a schematic of the house's heating system.
The house has 2,100 square feet of floor area and a volume of 19,000
cubic feet. The heat loss for the house is about 65,000 BTU/hour at
00 F. The backup heating is a gas fired hot air furnace that can
deliver 58,000 BTU/hour. There are also three 250 watt heaters in the
bathroom to provide instantaneous heat. The additional cost estimated
to be attributable to the solar heating and cooling system is $8,000.00
to $10,000.00. This cost for a solar system nay seem high, but the
following exhibit 10, shows why it is worth the extra money. 5DD

The house had a temperature swing of 5 to 10 F over a 24 hour period.
Daytime temperature setting was between 60 and 641F and the nighttime
setting was 580F. These settings were acceptable because the radiant
heat from the wall allows lower room temperatures to be comfortable.
The estimated downstairs average was about 63'F while for upstairs it
was 671F. 5DD

Since this system obtains a high percentage of total heating from
solar it makes the high cost acceptable. When maintenance costs,
reliability and convenience are also considered the system is even more
and more appealing..

The Trombe Wall concept can be used with no vents directly into
the living space, but with a rock bed storage system in which the air
between the Trombe Wall and glazing is passed through. The Bruce Hunn
house is an example of this kind of system, but since it is considered
a hybrid system it will be covered later.
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RETROFITS

WICKEL KOUSE

Retrofitting a Trombe Wall on an existing house is not too costly

if the house already has a south facing masonry wall. The system will

probably not be as effective as a new construction system, but it

should reduce the heating bill. Two houses that were retrofitted with

Trombe Walls are the Wickel House in New Jersey, and the Upper Black

Eddy House in Pennsylvania. The Wickel House is a converted vacation

lodge with over 7,000 square feet of living space, with three stories.

One gable end is exposed to 5 degrees west of true south. Since the

house was originally designed as a lodge, it was possible to limit

the heating load for the solar system to 2,200 square feet of living

space in five separate zones. The total heating load for this portion

of the house was estimated to be 205 million BTU per heating season.

The south end of the basement and first floor (432 sq. ft. ) was
constructed of hollow core cement blocks, which was ideal for retrofitting
a Trombe Wall. 5D

The first step in constructing a Trombe Wall was the preparation

of the surface of the wall. The surface already had a rough coat

plaster job, which was nice for solar absorbance and creation of air

turbulance for efficient heat transfer. The wall was blackened with
a thin slurry of mortar mix, with black masonry pigment added. The

air space for the Trombe Wall was formed with 2 X 4'sgiving a three

inch air space. The perimeter was then caulked inside and out with

caulking~and lined with one inch fiberglass drop-ceiling insulation.

Lead anchor shields were placed in the masonry at 30 inch centers

across the wall. The glazing was attached As indicated in exhibit 11.

/ SeA 4
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This type of construction provides a clear span for effective air
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distribution. It can also compensate for irreqularities in the wall
by varying the pipe spaces length. All the furming members were painted
white to reduce the amount of heat they absorbed. Three 6" X 12"
vent holes were cut at the top of the collector to allow air flow

into tile third and fourth floor areas. 5D

The system operates by convective air being fed through the
basement windows, then by opening or closing selective windows and

vents, the heat can be directed to any of five living areas as desired.
Dampers are used to prevent reverse thermosiphoning. The 8" hollow
block doesn't provide very much thermal mass, which is why the
insulation and sheet rock were left on the south wall. By leaving
the south wall the way it was helped reduce the overheating problems. 5D

The air entering the Trombe Wall via basement windows was 38
degrees, with the exhausted air ranging from 100OF to 122 0 F. Since no
air flow measurements were taken, these temperatures have very little
meaning. During winter days, use of the wood stove has been virtually
eliminated. The limited thermal mass gives very little storage, which

means when the sun goes down the system is of very little use. The

fact that the area has nearly perpetual snow cover and clear skies
improves the syst a s performance. The Wickel family has been pleased
with its performance. The best feature of the retrofit is the low

cost. The total expenditure for materials was $378.55, resulting
in 83; per square foot of collector area. 5D

UPPER BLACK EDDY HOUSE

The Upper Black Eddy House is a two story stone farmhouse with
1,000 square feet of living space. The heating load is 110 million

BTU per heating season. The primary source of heat is a smail lug-
burner wood stove. The house has one side that is 5 degrees east to
true south. After deletion of obstructions thore was 28' by 5' of

stone wall exposed to the sun, of which cne third is window space.
To make full use of the limited space available for Trombe Wall it
was decided to use double glazing. The construction of the Trombe
Wall was similar to the .'ickel House but had to be modified to accept

double glazingjin lieu of single Kal Wall. The builder, taking
advantage of good deals,;got the materials for the project for $113.00,

or 81¢ per square foot of collector. The materials used caused the
labor time to increase considerable over the Wickel House. The house
has a 15 degree pent roof sloping away, for 10 feet, from the base of

the collectorwhich will improve its efficiency. 5D

The system operates by air being fed into the collector via the
lower sash of the three windows and exhausted through vents cut into

the eves, where it ties into an existing unused insulated hot air duct
system. The hot air is then fed into the second floor near the ceiling.

The second floor will quickly reach 60 to 650 F with moderate insolation,
but as inlet air temperature increases the heat transfer becomes
inefficient, thus slowing down the thermosiphoning. There are plans to
install a circulating fan to help direct the air through out the house
for a more even heat distribution, and to help maintain the thermosiphoning
loop. This system will not meet a major percentage of the overall
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heating needs, but it will be significant enough to make the investment
worthwhile. No actual performance data was available. 5D

Retrofitting a Trombe Wall to an existing house will not give
the same kind of performance as a new construction system, but as
shown with the Wickel House and the Upper Black Eddy House satis-
factory performance can be obtained at a minimun of cost. This is
important because it allows homeowners in the low.,er income strata
to take advantage of solar energy. It should be pointed out that
the above only applies to houses that have a masonry wall that faces
very close to the south.

WATER WALL

The water wall system works on the same principals as the Trombe
Wall, except water is used as the storage medium instead of masonry.
The main advantage of water is its efficiency in picking up heat,
storing it, and releasing it, resulting in less storage space. The
surface of the water will also remain cooler than the masonry. The
cooler surface will result in less heat losses and will have less
tendency ot overheat during sunshine hours. The lower surface
temperature will also be more responsive to solar gain. 5Y The water
wall can be directly exposed to the living space or it can be enclosed.
If the water wall is enclosed the air can be circulated naturally or
forced. Tests conducted by the Energy Center of the University of
California, San Diego indicate that the water wall bin with forced
convection gives the best solar load fraction, which is dependent on
a person's subjective assessment of the comtort enhacement by direct
radiation. The water wall bin with forced convection does provide
the best room temperature control. During the daytime temperatures
rarely exceed the thermostat setting by more than 2'F. The placement
of an insulating wall (even with vents) between the living space and
the water, with natural convection, will give poorer performance than
the exposed w:all. There was a significant loss of energy through
the windows by conduction, even with R-S night insulation. This heat
loss can be reduced from 50% to 100% by the use of night insulation
on the exterior of the glazing. Exhibit 12 is a schematic of a water
wall bin. 5Z

The primary problem with the water wall is getting the water in
the vertical configuration. Initial attempts had continous water from
the top to the bottom of the wall, such as vinyl bladders inside of
walls and various types of tubes made of steel and fiberglass. These
methods put too much head pressure on the system, making leaks a
major problem. Corrosion is also a problem when metal containers are
used. Drums are usually used, in that the water pressure can be kept
down and still form a wall by stacking the drums. If metal drums are
used to contain the water the corrosion can be minimized by using
anticorrosive stabilizers in the water, or by lining the containers
with something that is not corrosive in water. If the system is an
exposed water wall there will have to be something to shade the wall
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during the summer when no heating is desired. With the water wall
bin the system can be designed so that the solar heat is vented
outside, it would still be a good idea to provide some kind of
shading. 5Z

FOCUSING ROOF APPERATURE/11OUSE IN NEW JERSEY

A technique used to minimize the thermal storage area is the
focusing foof apperture. The roof aperture will allow the storage
on the north wall. The designing of the aperture to give optimun
distribution of solar energy is very complex, and will not be covered
by this project. There is on going study, by others, in this area.
The aperture will not focus the solar radiation on to the water storage
at all times, therfore, a concrete floor should be used to insure all
the focused energy is absorbed. The technique of focusing can
minimize the storage area by a factor of up to two to one. This will
save money as storage costs about $2.00 per square foot. The focused
radiation will require a high capacity material like contained water
or phase change material to avoid overheating. A masonry wall nowever
thick, (8" to 16") will not provide enough storage to prevent over-
heating. The contained water should be situated on the north wall
such that it will receive the most radiation. An advantage of the
focused aperture is that during the summer months when the sun is
higher, solar radiation will not be collected. 51

A house located in New Jersey has a passive system that uses both
a water wall and a focused roof aperture. The location has 4,980OF
days per year with 57% yearly sunshine. The house has 1,400 sq. ft.
of living space and a heat loss of 8.3 BTU/DDF/sq. ft. which is a
well insulated house. Exhibit 13 is a schematic of the house's
heating system. The water wall operates by absorbing the solar energy
through the glazing, and then radiating it from the water storage
through the inner wall. The system also uses natural convection,
from the water tube space, through the vents into the living space.
The vents have dampers to prevent reverse thermosiphoning. There
are exterior reflectors to increase the solar energy collected, which
can be pulled up at night to give nighttime insulation.

The focusing roof aperture operates by passing the solar radiation
through the outer glazing material and reflecting it, by one or more of
three reflectors, to the water storage or concrete floor. The three
reflectors are indicated in exhibit 13 as Q, and(3. There is
internal glazing at the ceiling to prevent convective coupling of
the skylight with the occupied space. Reflector two is movable so
that it can also act as insulation. The water storage and concrete,
transfers the heat to the house by natural convection and radiation.
This system has a good heat distribution because there is a heat
source at both the south and north walls. The above system has a ratio
of collector area to building load of about 1.7 sq. ft./BTU/hr.OF. 51

The simulation used for this house had many simplifications.
The validity and effect of these assputions are as of yet unknown.
Future simulations are going to be done by computer, which should
give more accurate results. The results of the simplified simulation
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are as follows:

YEARS TOTALS

HEATING HEATING LOAD PRECENT SOLAR LOAD
DEGREE DAYS (BTUX1 6) SUNSHINE FRACTION

4,980 58.42 57 90%

Total cost of combined water wall and roof aperture system was
$7,858.03 which includes materials and labor. Considering costs, the
solar load fraction, possible tax incentive and the low maintenance
requirements makes this system very attractive. The above solar load
fraction does not include the energy needed for hot water. The hot
water requircd 3..4X 1O6BTU per year,which is 25% of the total annual
requirements. The system could be modified to use the water storage
as a pre heat tank for the hot water, which would decrease the
conventional energy required for hot water. How this would effect
the overall performance would have to be simulated. 51

RETROFITS

Retrofitting a water wall or water storage system should be
effective. The construction of the water wall or water storage should
cost about the same as a new construction system. With a water wall
it may take some structural work to get a wall with a lot of glass
area, but it shouldn't be too much of a problem. The house will have
to have a suitable wall facing south. If the system is properly
,!esigned it should be as effective as a new construction system,
unlike a retrofitted Trombe Wall. The house will have to be well
insulated, but a house should be well insulated no matter what kind of
energy is used for heating.

WATER ROOF

The water roof system is a concept used in areas where flat roofs
are acceptable. 'Most of the work on this system h-, been in the south-
western part of the United States. The system uses a water storage
pond on the roof of the house. The solar energy is absorbed during
sunlight hours, and a movable insulation is used to keep from losing
energy to the air at night. There are movable insulation systems
that can be moved with nonrenewable energy, and others that can be movad
with manpower. Exhibit 14 is a schematic of the Water roof system.
As can be seen from exhibit 14 , the heating is done by radiation
only. The system radiates heat into each room, making the heat
distribution no problem. With the heat source in the ceiling it nay
cause a problem of the floor being uncomfortable, in the systems
built to date this has not been a problem. The water roof system
should be able to handle 100% of the heating load in areas where it
is practicable, and also 100% of the cooling load, if the weather
conditions are right. The construction of a house capable of carrying
the load of a water pond on the roof has not been a problem, but
have had trouble keeping the system from leaking. There is ongoing
work to try and improve the systems water tight integrity. A family
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that lived in a completed house felt that the system was superior to
conventional heating and cooling. Of particular note was the lack of
blowing air and noise. 4

The water roof wvIstem doesn't lend itself to retrofits, since
there would Lave to be extensive structural work done to be able to
take the added load of the water. The cost of the structural changes
would make the retrofit prohibitive.
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SOLAR GREENHOUSE

The solar greenhouse is a room that has extensive glass area that
faces south. It is really a direct gain space that is thermally
separated from the living space. This allows the greenhouse to have
large temperature swings, while the living space, being buffered, will
have smaller temperature swings. There will be a thermal storage
wall separating the greenhouse from the living space. The wall can
either be insulated on the living space side or left uninsulated. If
Lhe wall is left uninsulated it will operate on the same pricnipals
as a Trombe Wall. If the wall is insulated, to prevent heat loss when
the greenhouse is cooler than the living space, the heating is done
by convention through vents, windows or doors adjoining the greenhouse.
The perimiter of the greenouse will be insulated along with the floor
if the climate is severe enough. Additional thermal storage, such
as water filled drums, may be used in the greenhouse to improve its
performance. Exhibit 15 shows the basics of greenhouse heating. 5B

The greenhouse with its extensive glass area is a good collector
of solar energy, but the glass is not a very good insulator to thermal
conduction. Shutters can be used to increase the greenhouse resistance
to conduction. There has been recent development of transparent
insulation, to be covered latter, that could make the greenhouse a
better thermal storage medium. The greenhouse also can be used as a
plant growing area, which could be used to grow vegatables year around.
If the greenhouse is open to the living space there could be a problem
with insects, if proper care is not taken.

DOUBLE BOX

A unique greenhouse system that is being developed is the
double box. The double box is a greenhouse that completely surrounds
the living space. Exhibits 16 and 17 are schematics of the double
box. The structure will have to be well insulated. The air is heated
on the south side through the glass raising to the top. The air is
then forced down the north side through an air plenum space into a mass
storage area at the base of the greenhouse. The air will then proceed
into the greenhouse and up through a vent to be heated again. The air
will circulated at about twice that of a normal central conditioning
system, which will give air exchanges in the greenhouse of about
one per minute. The reason for these high air speeds are; 5AA

1. Lower delta temperatures of operation, reducing heat loss
back through the glass.

2. Rapid Air FLow
a. Rapidly looping air prevents heat from building up in

the greenhouse

3. Increased storage mass
a. Storage at low temperatures increase operation time of

heat supply.

The double box gives two modes of operation; the air loop and the
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air buffer, which provide 3 main temperature zones; the inner box,
the outer box and the outside air. The outer box's temperature will
have big temperature swings, while the inner box will be maintained
at a fairly constant temperature. During the heating season when the
sun is shining the outer box will be warmer than the inner box, thus
the inner box will retain its heat. When the sun is not shining the
outer box will be warmer than the outside air, due to thermal storage,
and will funtion as a warm air blanket thus reducing the heat loss
of the inner box. The energy used to move the air in the outer box
can be achieved by either an electric fan, 10 to 15 KWH per month, or
by setting up a natural convective loop. The natural convective loop
can be obtained by leaving a portion of the north air plenum
uninsulated. The warm air will escape out the north wall and be
replaced by the warmer air moving down from the attic, thus forming
the convective loop. 5AA

A demonstration project is being built, that uses the double box
concept. The project, when fully operational, is expected to have a
potential gain that is more than twice the heat losses. There will
be an excess heat storage medium (low delta T) that should have the
capacity (2 million BTU) to last through the cloudy days. The double
box configuation can also provide summer cooling. Since this project
is not completed there is no actual data available. There is also no
figures for the cost of construction. This system appears to have
potential, but how much will have to be assessed when actual data
becomes available.

DOUG KELBOUGH HOUSE

The usual application of greenhouses is in combination with other[
systems. The Doug Kelbaugh House is primarily a Tromne Wall System,
but has an attached greenhouse for additional heating and growing
ornamental and edible plants. Initially, the greenhouse was single
glazed and opened directly into the living space. After the first
winter's operation it was found that the greenhouse was losing an
excessive amount of heat, about 40% of the total heat loss of the
house. To help remedy the heat loss problem a second layer of glass
was added, which was estimated to cut the heat loss from the green-
house in half. The greenhouse also had an excessive temperature
Swing, up to 25'F. Eight 55 gallon drums painted black where added
to try and reduce the temperature swing and to store energy. 1:,e
Doug Kelbaugh House showed that if a greenhouse is going to be open
to the living spaces it should have some means of uncoupling the
greenhouse at night. Shutters can also be used to reduce heat losses
and give privacy. Thorefore, if a greenhouse is going to be used
in combination with another system and is going to be open to the
living space it should only be considered as a daytime heating
source. 4

HYBRID SYSTE.M

Another interesting combination is to use the greenhouse attached
to a Trombe Wall and use the heated air in the greenhouse to charge
a rock bed storage system. This system will have the wall and the
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floor giving off rjdiant heat, which will allow the room air temperature
to be lower and still be comfortable. Exhibit 18 is a schematic of the
above system. The concrete floor will provide a time delay for the
heat flow. The warm floor will also offset the tendency of the room
to stratify in temperature.

RETROFITS

Perhaps the best use of the greenhouse is in retrofitting it
to existing houses. The greenhouse cam be an effective solar system
if the house it is retrofitted to is well insulated and has sufficient
south facing wall area. It will not take care of the major heating
needs, but will reduce it. The cost of construction will be similar
to a new construction system.
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CONVECTIVE LOOP (TIERU1OSIPHON LOOP)

The natural convective loop operates similar to active air
systems, except no conventional energy is needed. The collector will
be similar to the active system. The collector has one or two layers
of glazing, a heat absorbing plate and a method for the heat transfer
fluid to flow across the plate. As the fluid passes across the plate
it will absorb the thermal energy in the plate and transfer that
energy to the storage medium. As the fluid is heated up it will

raise and go into the storage bin at the top of the collector. The
storage medium will absorb the thermal energy, cooling the fluid j

causing it to flow down and into the bottom of the collector. This
system can be used with either water or air as the heat transfer
fluid. 5B The usual use for the above system is for passive hot

water heaters.

The natural convective loop air system can be used as shown in
exhibit 19 . The house will have to be well insulated as usual.

The collector will heat up the air causing it to raise into the
storage bin. The rock bed storage 'ill Zive up its heat by all-ving

air to raise through vents into the living space. Once the air is in
the living space it will raise, heating the second floor spaces. As
the air cools, it will return through the cold air return ducts.
The hot water can also be heated in this system by installing water

pipes in the collector. The system has dampers on the vents to control
the heating and prevent any reverse thermosiphoning throughout the
system. A house has been built using the above concept, but no
performance or cost data was available. 3

For the natural convective loop system to be justified it will
have to have better performance than an active system, and be com-
parable to other passive systems. The reason for this is that the
system requires a collector that has no other function than to collect
energy, as in the active system. The other passive systems have good

perror7ancu ard serve more than one function. There is a use for
the convective loop system in retrofitting existing houses. The
retrofits cam be small convective air heaters for use during sunlight

hours only, ,r a simple window box heater if it can be designed not
to lose heat at night. 'ork is on going in this area of small
convective air heaters, which can play an important role in using
solar energy, espically in existing houses. 5B
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MODIFICATIONS

VERTICAL SOLAR LOUERS

Modifications can be made to the basic passive solar concepts
to make bettur use of collected energy. An interesting modification
is the vertical solar louvers, which combines the concepts of direct

gain and thermal storage wall. Vertical solar louvers are a set of
rectangular columns situated directly behind south facing glazing
and oriented in the SE-NW direction. By orienting the columns in
this fashion the morning sun is allowed to enter and warm the house,

and the afternoon sun will store energy in the columns. Exhibit 20
is a schematic of the vertical solar louver system. The vertical
solar louvers has most of the advantages of the direct gain and the

Trombe Wall systems, while eliminating most of the disadvantages.
The Trombe Wall will give even temperatures, but does not allow the
use of alot of possible storage in the interior floor and walls. The
Trombe Wall, that circulates room air, also has no convient means

to clean the interior glazing, which can deteriorate the system
preformance. The vertical solar louvers allow the use of thermal
storage in the walls, and still have easy access to the gliazing for
cleaning. The primary disadvantage of the direct gain system is the
wide range of temperature fluctuations, which the vertical solar

louvers system will not have. 5J

The vertical solar louvers are designed to function so that in
the morning when the house is at its coolest the maximum amount
of solar energy is directly admitted into the house, and then around

noon switch to a Trombe Wall for storage of solar energy and to
prevent the house from overheating. The lcuivers will admit over
80% of the morning sun directly into the interior. As the day

progresses less and less of the sun's direct energy will be allowed
into the house. At noon from 40 to 70% (depending on column spacing)

of the sun energy will be intercepted by the louvers. In the after-
noon all the sun's energy will be intercepted by the louvers for

storage, after the house's interior has been heated up. The vertical
solar louver system should reach maximum comfortable temperature
at about 11:00 A.M. and last until 5:00 P.M., as compared to 1:00 P.M.
to 5:00 P.M. for other hybrid passive systems. The maximum surface
temperature for the louvers will be reached between 4:00 P.M. and

5:00 P.M., as compared to shortly after noon for the Trombe Wall.
With the maximum surface temperature being obtained around 4:00 P.M.,

it will give a heat pulse at the back of the louver becween 2:00 A.M.
and 5:00 A.M. (depending on the column material and thickness) when

it is most needed. The vertical solar louver, therefore allows the
house structure to absorb and store heat for a longer time at the

maximum comfortable temperature. The vertical solar louvers should
improve the storage effectiveness r& the internal structural elements

from 50 to 100% in December and January. 5J

An advantage of the vertical solar louvers over the Trombe Wall

is the front surface temperature of the vertical solar louver is

lower. The vertical solar louver's maximum surface temperature is

close to 75 F as opposed to 125 F for the Trombe Wall. The lower
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surface temperature will give a lower temperature potential for heat
loss to the exterior, thus resulting in less heat loss (up to 50%).
This means that less expensive night insulation can be used and still
maintain good performance. The actual storage mass temperature of the
vertical solar louvers should be about the same as the Trombe Wall.
The problem of excessive floor temperature, that can occur with a
direct gain system, is also avoided. 5J

Jim Bier, the designer of the vertical solar louvers, has built
a house using his concept. The house has 1,300 square feet of living
space, has two storiesand is made of 8 inch concrete blocks tamped
full of sand. The floor is 4 inches of reinforced concrete on a
4 inch open gravel base. The house is well insulated, even to using
triple glazed storm windows, but no overall heat loss coefficient
was provided. The house has 300 square feet of south wall, 50 square
feet of clerestory and 70 square feet total in east and west walls,
which are used to collect the sun's radiation. There are 100 tons of
insulated masonry and sand in the house to provide storage for overnight
and on partially cloudy days. The five vertical solar louvers are
12" X 32" sandfilled blocks, the full height of the south wall
angled 45 degrees east of south. The south wall is double-glazed.
Insulating drapes, stored on the NE interior side of each louver, are
used to prevent nighttime heat loss and to control unwanted insolation.
The system was designed to give from 50 to 85% of the houses needs by
passive solar energy. There is no actual performance data available.
The cost of construct!ng a house, using the vertical solar louvers,
should be about the same as a conventional block house, but no com-
parative cost data was provided. 5J

Combining and modifing the basic concepts of passive solar energy
is often done in efforts to maximize the use of solar energy. The
greenhouse is often combined with water walls of Trombe Walls, or in
the Doug Kelbaugh House. Jim Bier's vertical solar louver is a
creative mofification that makes use of the advantages of the direct
gain and Trombe Wall systems, and eliminates the disadvantages.
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HYBRIDS

Perhaps the biggest source of disagreement with the people involved
in solar energy is the definition of when a system is passive or
active. There are some people who contend that if any source of
conventional energy is used the system must be classified as active,
and others who try to use a coefficient of performance figure to
distinguish between the two types of systems. For this paper there
is a catcrgorv of passive systems, hybrids, that use conventional
energy with one of the basic passive solar concepts. The conventional
energy will usually be a fan to force warmed air through a storage
medium. Thle reason hybrid systems are used is to overcome the over-
heating and underheating problems of passive systems. Examples of
hybrid systems will be. given to show how the concepts of passive solar
heating can be combined with conventional energy to produce an effective
solar heated house. U I I S I L G

Unit #1l First Village, in the Santa Fe, New Mexico area, is a
2,300 sq. ft.. two story house that uses the greenhouse concept,
with a rock bed storage to do the space heating. All rooms face
into a trianglar-shaped, 20 foot high greenhouse, on the south side
of the house. The side of the greenhouse facing south is made of
glass, while the remaining two sides are made of adobe, for thermal
storage and to separate the heat collecting greenhouse from the living
spaces behind them. There is about 400 sq. ft. of south facing
thermopane glazing mounted at a 60 degree angle. The adobe is 14"
thick at ground level and 10" at the upper level, to provide the passive
thermal storage. The remainder of the house is well insulated. The
rear wall is rounded to provide less resistance to harsh winter winds. 4

Exhibit 21 is a schematic of the house's hybrid passive solar
system. As can be seen from the schematic, the system is made up
of a passive part and an active part. The passive part uses the green-
house principal to store energy in the adobe walls. The heat stored
in the adobe walls will work its way through the adobe and be avail-
able at night when needed. The unshuttered greenhouse in this system
also acts as a buffer zone for the livin space, in that it is allowed
to fluctuate, usually betw~een 110 F to 451F. The thermal wall will
average about 73'F. The active part is made up of two horizontal
rock beds located under the living room and dining room. The beds
are two feet deep and 10 feet wide, with one being 19 feet long and
the other one is 15 feet long. The rock bed has sufficient storage
capacity to carry the house through a couple of sunless days. The
hot air is pulled from the top of the greenhouse, by two 1/3 hp.
fans, and forced through the two rock beds. The air is then returned
to the greenhouse. The heat in the rock beds will radiate through
the 6 inch concrete floor and into the living spaces. The temperature
of the floor along with the rock beds will range from 851F to about
780F. The rock bed will go down to 700'F after a sunless day. Backup
heating is provided by baseboard electric heaters. The domestic hot
water heating is provided by a two panel flat plate collector array. 4
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- Temperature data collected over a four day period, lowest
outside temperatures normally experienced in the Santa Fe area,
illustrated the thermal stability of the house. The temperatures
ranged from about 570F to 63cF for this period. During most of the
winter the internal living spaces where able to maintain temperatures
in the upper 60's. There has been no monitoring of conventional
energy useage to try and determine what percentage of the heating load
was supplied by solar energy; but utility bills have consistently
been less than $10.00 per month, usually being the minimum service
charges. This was true even under the most adverse conditions. There
was initially an apprehension that the sloping greenhouse would cause
excessive heating in the summer, this has not been experienced. The
owners have been very pleased with the house's performance. 4

BRUCE HUNN HOUSE

The Bruce Hunn house has 1,955 square feet of living space and
is located in Los Alamos, New Nexi , which has 7,000 F days with
plentiful sunshine. The house has a two story Trombe Wall with 300
square feet of effective area. The system does net use a natural
convection loop to circulate the air into the living space, but a
blower to circulate the air between the glazing and the wall into a
rock bed storage. A three-zone, forced-air distribution system,
with a natural gas auxiliary furnace is also connected to the rock

bed. There is also 140 square feet of windows for direct gain solar
collection. The house has a heat loss coefficient of 8.5 BTU/OF/day/
sq. ft. which is a well insulated house. There are plans to install
interior insulating shutters on most windows, which will reduce the
heat loss coefficient to 7.5 BTU/"F/sq.ft. The window shutters should
improve the systems overall performance.

The Trombe Wall is constructed of 12" open slump block completely
filled with ccment. This is considered the optimal thickness for
concrete. The outside surface was painted a dark brown stain that
has a measured solar absorptivity of 0.91. The wall was covered
with double glazing mounted 2 inches from the Trombe Wall. Since
the wall has no vents for a natural convection loop, the only space
heating is by radiation. In the active mode the hot air in the space
between the Trombe Wall and the glazing is forced through the rock
beds. The blower initially circulated the air at a rate of 500
cubic feet per second, which as will be discussed later, is too great.
A differential controller, which operates on the temperature diff-
erence between the top of the wall and the cold end of the rock bed,
controls the charging process. The rock bed has a 3 foot by 12 foot
face, with 6 feet in the direction of flow, and is 12 tons of gravel.
The rock bed is insulated with extruded stryofoam, 2 inches on the
side and 3 inches on the top, and rests on a concrete footing. The
three zone forced air distribution system, with a natural gas auxiliary
furnace, is connected to the rock bed. When a zone needs heat,
returned air is ducted to the cold side of the rock bed too the warm
end, and finally through the furnace. The furnace is set so that
when the inlet air temperature is below 80 to 85CF it will come
on. 4
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For first winter's operation the system was in the passive mode
only. The passive system under most conditions was capable of main-
taining the inside temperature at 60OF or above. As long as the Trombe
Wall was charged this temperature was satisfactory to occupants. It
was found that when the wall was not charged, during cloudy periods,
the house was uncomfortablQ unless the room temperature was 65'F
or greated. Temperature readings within the Trombe Wall indicated the
outer surface would reach a maximum of 152'F around noon. This peak
temperature would than move through the wall.reaching the inner surface
from 6 to 8 hours later and be about 90'F. Temperature data taken
oven a years period shows that the Trombe Wall gives a very stable
inside temperature.. The wall performance, being only 12 inches
thick, will suffer when there is prolonged cloudy periods, which
temperature data taken has verfied. 4

The active mode was turned on November and December, of the
test year, to try and activate the rock bed. It was found that the
inlet air temperatures to the rock bed were too low to charge the
bed adequately. The active mode was therefore turned off. The
reasons suspected for the poor performance of the active system
are as follows;

1. cold air leakage into the system

2. direct losses

3. too high an air flow rate

Steps will be taken to remedy these problems. The blower was slowed
down to 200 - 250 cfm, because the design value of 2 cfm per square
foot of collector area was based on the optimun value for an active

collector, and is too high for a passive collector. Since the wall
will absorb only one-half to two thirds of the incident solar energy,
a value of I cfm per square foot of collector was considered more
appropriate. A*i many of the air leaks as possible will be sealed.
The air flow across the Trombe Wall will be reversed to shorten
the length of warm air ducts. 5K

The system's first year performance was monitored to determine
the percentage of the total heating load supplied by solar energy.
The system was capable of providing 60% of the total load, without
the activo system operating properly. When the shutters are put on
the windowsand the active mode is workingtthe system should be
able to handle a good percentage more of the total heating load.
The cost of material and labor attributable to the hybrid passive
solar system is about $5,500.00which is less than 10% of the total
construction cost. 5K

MARKEL RESIDENCE

The Markle House in Vermont has 1,100 square feet of living area
with a heat loss cf 17,500 BTU/hr. Particular attention was paid to
reducing the inflitration rate during design and construction. The
windows on the east)west and north sides are triple glazed. Since the
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owners wanted a south view, the Trombe Wall concept was not feasible.
The main living area is an open double height area with glazing placed
at conventional heightsand up near the top to direct the light to the
back of the room. This was done to try and alleviate the glare problems
associated with direct gain systems. The hybrid system is a direct
gain system with a forced air rock bed storage. The auxiliary heat
is supplied by a wood fueled stove. 5M

Exhibit 22 is a schematic of the houses' heating system. The
house faces south 17.5 degrees east. Solar energy comes through two
banks of night shuttered glass, glass doors main level and clerestory
glazing at the top. The solar radiation is absorbed by a dark slate-
type floor, and by a full height south facing wall of dark green marbel
rubble. These areas act as the direct gain portion of the system,
and to heat up the a'r in the living room. The hot air will raise to
the top, and when hot enough will be forced into the rock storage by
a blower. The rock storage is behind the marble wall and is 16' long
by 6' wide by 12' high filled with three inch round stone. If the

room requires heat from storage, and a differential thermostat indicates
that the storage is warmer than the room, three dampers activate
and the cool air pooling in the living room is drawn up through
the storage and circulated throughout the house via conventional warm
air ducts and registers. This type of system allows the solar energy
collected to be distributed through the house, even to areas that are
not in close proximity to the radiating panels. 5M

How the wood burner stove is used in this system is very unique.
The primary problem with the way conventional wood burner stoves are
used is that they are-essentially air tight, so that they can burn
for a long time without being reloaded. When the stove is operated in
this manner it burns at a lower temperature. This type of operation
will cause creosote to form in the stove pipe, because the cool chimney
will condense the steam from the wood and combine with the volatiles,
which is a problem. To overcome this problem the wood burner stove
was placed in an opening in the marble wall, backed right up against
the rock storage bin. The wood burner stove is then fired so that high
enough temperatures are maintained in the stove pipe to eliminate
the creosote prcblem. Some of the heat from the stove will go into
the living space, but most of it will radiate into the rock bin storage
and the marble wall. The stovepipes, with heat exchangers, also will
radiate to these spaces. The hot air created by the stove will raise
and be put into storage. 5M

The performance of this house has been difficult to determine
because it was not used full time, it is being used more like a vacation
house. With the house being used in this manner the shutters are
not operated properly, when not occupied, resulting in the rock storage
system not being fully charged. The small amount of data gathered
does indicate that the system is operating as designed. The stove was
designed to carry up to 46% of the January load. There was no data
available on the systems cost. The designer of the house indicated
that a transparent insulation, to be covered latter, could be used in
place of the mechanical shutters if the house was not going to be
occupied full time. The designer also has plans to retrofit the house
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with an automated signal to indicate when to start the wood burner
stove. 5M

SOLAR ATRIUM

The solar atrium is a room which is surrounded on the north, east
and west by other rooms of the house. The cost effectiveness of the

solar atrium concept is the primary concern of its developers. A
test model residence, using the solar itrium concept, is going to be
built. The house will have two stories with 1,800 square feet, and
will be a well insulated wood frame house with a peak heating load

of 37,800 BTU/hr. 5N

Exhibit 23 is a schematic of the solar atrium concept. The south
facing wall has 600 aquare feet of glass in the wall and roof. The
glass is I" insulation zlass, with inside louvers which have a total
heat loss coefficient of 0.0$5BTU/sq.ft. 'F. The atrium is situated
in the house so as to be adjoining as many rooms as possible and to
permit free air movemerrt. The atrium is constructed of material
which will give it significant thermal mass. The floor is five inc'hes
of concrete with a dark ceramic tile finish. The chimney is made
from concrete block and finished with dark ceramic tile. There is
also an ornamental pool of 300 gallons, which also provides thermal
mass. All this thermal mass will be exposed to the sun's energy.

This type of system will allow the benefits of a Trombe Wall, without
its visual barrier. There is a rock storage unit under the atrium

to store any excess collected energy. The rock storage is 200 cubic
feet with a thermal capacity of 4,000 BTU/OF. The back up heat is

to be supplied by an air to air heat pump. The atrium can also be
used as a living space. 5N

The sun's energy will enter the atrium, charge the thermal mass
and heat up the air. The hot air will raise to the top of the atrium
where it will be circulated to heat the rest of the house. Mien the

houses temperature reaches 68OF the air will be drawn to the rock
storage. At night the shutters will close, and the thermal energy
in the atrium or the rock storage, will be used for heating. When
necessary the heat pump can be used. These different modes of
operation provide a great deal of flexibility in maintaining comfortable

interior temperatures. 5N

Since the house has not been built, as of yet, no actual performance
data is available. Design calculations show that there should be a yearly
savings of $183.00. (Fy 1977 dollars.) The investment to be amortized
is $2,453.00. Calculations over the life of the system gives a pay-
back period of about eleven years. This is considered the maximum
amount of time to recoup the initial investment. As time progresses

this payback period should get even shorter. The solar atrium gives
cost effectiveness in heating and cooling that are equal to or superior
to existing conventional systems. It has been designed to be convenient

to operate by building occupants. 5N
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LINDEBERG RESIDENCE

The Lindber1 House will have 2,100 square feet, with a heating

load of 4.15 BTU/iDD/sq. ft., in Minnesota, which has S,400 degree days

of heating. A hybrid passive solar system is situated so that it will

be protected from winter winds and hove large summer shade trees to

help summer cooling. The house will lihve three levels, the garage and

basement, the main living area and the bedrooms. The second and

third levels are designed to give the maximum natural circulation of

warm air through the house and the tlermal storag e area. The windows
on the north, east and west sides have triple glazing, with double

glazing and movable insulation on the south windows. There is also
a skylight in the roof to give added collector area, which has a
-ovable insulation system. 5F Exnibit 24 is a schematic of the houses
heating systems.

The hybrid passive system uses the direct gain concept to collect
the solar energ., and a rock storage system to store excess energy.

The south face has 275 square feet of double glazing, with movable
insulation and 75 square feet of south facing skylight, w.ith movable
insulation. The floor has 63,600 pounds of precast concrete for

absorbing solar radiation. There is a metal absorber plate located

above the rock storage bin and positioned to accept the solar radiation

rom the skig.,ht. The rock storage bin will have 40,000 pounds oL

rock, with tho air circulated through it by the furnace tan. 5F

One of the problemis with passive systems is the limited range
it can operate over and stay within interior comfort conditions.

The bedrooms .'ill be put on the third level so that during the day
this level will 'e allowed to go in excess of 50 F, thus allowing
higher stor2e-' temperatures. Temperatures in excess of SO0 F on the

third level siould not put the second level beyond the comfort range.

The metal plate collector will be used to further incre:se the storage
temperature by the warmed air from living spaces bcing forced by fan
between the collector panel and the wall and into stcra!e. The furnace
fah will draw the air through the rock storage bin and either return

it to the space through the concrete air floor or recirculated via
the collector loop. The precast concrete floor is an air floor, which
allows flow both parallel to and perpendicular to the direction of
the plank. Turbulence is created by supplying air to tne 'renter

location of an area and forcing the air to flcw perpendicular to the
length of the plank, to floor grills locatcd at the edges. The heating

system operates by the following nodes of operation: 5F

MODE #1 Circulate air. This mode operates when an uneven
temperature distribution eists to circulate air from
the high interior spaces to the lower spaces and north
exposed rooms.

MODE d2 Solar Storage. .,Then comfortable interior temperaturcs

have been achieved and solar .nergy i3 continuing to warm
the spaces beyond their needs tl;c excess heat will be

drawn through the interior solar collector, and into
the rock storage, returning via the concrete air floor.
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MODE #3 Heat Charging only. This mode operates only when the
interior spaces are at maximum comfort levels, Ten
this occurs the air will circulate through the solar
collector rock storagn loop.

MODE #4 Heat from Solar Storage. W.en there is no solar radiation
and the radiation from storage is insufficient to meet
heating needs, the furnace fan will withdraw the heat from

storage by the same circulation as "'ode 42.

MODE #.5 Auxiliary Heating. Vhen the hybrid passive solar

components can not meet the heating needs the auxiliary
heating system can be used. A gas furnace is to be used
as the back up system.

The gas furnace uses its ow-n supply ducts. This is a partial
duplication of the distribution but it was .eeded to prevent charging
the solar stor-age ,ith the furnace heat, mua.k.ing'" the solar storace
ineffective to the lower temperature solar heat. A bin -ethod analysis,
estimated that the passive system could supply about 65,' of the annual
heating needs, whica is pretty good with the available collector
area. This design shows that a hybrid passive scear svstem can provide
the major portion of the heating needs of a large well insulat2d
house in a cold (3,200 DD) climate, and give relatively conventional
comfort standards. There are plans to monitor tem:peratures, strati-
fication of tenperatures and heat flows for this house when complete. 5F
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TECHNICAL ADVANCES TO AID PASSIVE SOLAkR HFATING

TRANSPARENT INSULATION

The passive solar concepts collect energy through glazing

to be absorbed in a thermal storage mass at low temperatures. With

conventional building materials these concepts have draw backs, the
glass will lose heat by radiation, the ther.al storage will have to
be massive because of the low temperatureand the system will have
temperature swings through out the days operations. Some technical
advances that have been developed to help eliminate these disadvantages

are the transparent insulation, the optical shutters, the movable

insulation and the phase change material. The heat mirror will
allow short wave solar radiation through, but be an insulation to

thermal radiation. It is a thin transparent optical film which can

be applied to glass or plastic glazirig material. Deponding on the

application.the thermal losses can be reduced by 25 to 75%. Normally
multiple glazings are used to reduce thermal lcsses, which wIill

also result in a reduction of solar radiation transmitted through
windows. As glazings are added the transmission will continue to

decrease. The ideal heat mirror for use in passive solar applications,

should be as shown in exhibit 25.

HEAT MIRROR

The heat mirror coating will trnnsmit solar radiation, .3 microns
to 2.5 microns, and be highly reflective to long wave radiation.
Some examples of characterists that can be achieved by the use of

a heat mirror with windows are given in exhibit bel.:.

BTU/sq.ft./hr/ F Trans

E=.2 E=.05 ___

Single Glazed

Inner Surface .72 .63 .78

Plastic Film +

Air Gap Retrofit .31 .26 .75

Double Glazed

Air Gap .32 .27 .77

Double Glazed
Mid-Gap Plastic
Film .21 .17 .66
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In comparing the performance of windows with heat mirrors to multiple
glazed windows, it was found that the heat mirror was about equivalent
thermally to adding a glazing plus air space. Condensation and frost
on a heat mirror surface has the effect, thermally, of eliminating
the heat mirrtr. In cold climates heat mirror on single glazing
would not be adviseable over double glazing due to the frequent
condensation and frosting that would occur. 5S

The cost of the heat mirror to the consumer is very important
to how much gets put into use. The demand will affect how much is
made and at what cost per square foot. Some estimates of cost to
retrofit existing windows to consumers, assuming high production rates,
are $.75 to $1.50 per square foot, if homeowners installed and $1.50
to $2.50 per square foot if professionally applied. Heat mirror on
new windows should add from $1.5C to 83.00 per square foot to the
retail cost. With the cost of adding additional glazing in the range
of $2.00 to $4.00, it is apparent that heat mirror coatings can be
potential competitors. The primary factor in decreasing cost is
whether there will be sufficient demand to cut production costs. 5S

SOLAR M:.'.- ,ANE

The solar membrane is another type of transparent insulation.
The solar membrane is made from a plastic film that has a unique
combination of properties possessed by neither glass nor other
plastics. The solar membrane has a transmission of solar radiation
of 95%, which means less reflection losses than glass or other plastics.
The transmission also falls off less rapidly with increasing angle
of incidence, than it does in other materials. The solar membrane
has a transmission of thermal radiation of only 13,, which is lower
than all other plastics. Solar membrane characteristics allow many
layers to be used and still be effective for use in solar energy.
If four layers separated by a 3/4" air gap are used, the heat loss
coefficient will be 0.21 BTU/sq. ft./hr. F for upward heat flow, the
worse case, and still transmit 82% of solar radiation. This com-
bination of solar membrane can give a flat plate collector saturation
temperature of 400 F without concentrators, vacuums or selective
blacks. The solar membrane has characteristics that can make it very
useful in the field of solar energy. The solar membrane is available
at 35¢ per square foot in larger than 1,000 square fet quantities.
This is the same as single strength glass, but because of ease of
installation would be cheaper in overall cost. If the solar membrane
is purchased in 200 square feet or larger quantities the price per
square foot is $3.00. 5U

OPTICAL SHUTTER

CLOUD GEL
The optical shutter is a material that will vary its transmission

of solar ra.diation as a function of temperature. A plactic has been
developed which will function in this manner, Cloud Col. Cloud Gel
will allow solar radiation to pass as long as the material stays below
the set point. At the set point the plastic will turn opaque white,
thus reflecting all the solar radiation. Whien the material cools downi
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it will turn transparent again. The purpose of this type of material
is to help pervent overheating that can occur in passive systems. The
switch from transparent to white and back again will occur instan-
taneously over a three degree celisus temperature change. The set
point can be tuned to any value between 0 degrees and 100*C, by
adjusting the proportions of its constituents. Cloud Gel is inexpensive
to manufacture, making its use in passive solar energy desirable. 5D

PHASE CHANGE HEAT STORAGE

THERMOCRETE

Another material that can be effectively used in passive solar
concepts is the use of phase change materials for thermal storage.
The unique characteristics of phase change materials is that a large
amount of energy can be stored at one temperature. The temperature
will be that at which the material is going through a phase change.
A problem with most material is that it will remain a liquid when
cooled a bit below its freezing temperature, because of the lack of
a seed for the crystal to grow frcm. Amother problem with most materials,
in the liquid state, will be a container to keep things from getting
messy. The problems can be overcome by incorporating the heat storage
material into the very pores of a foamed concrete. The concrete
will function as the seed to initiate crystal growth, and also serve
as the container for the heat storage material. A concrete has been
developed with phase change properties, Thermocrete, Calcium chloride
is the phase change material for melting xt room temperature. Other
salts can be used to produce melting temperatures between GOC and
100 0C. Thermocrete can store twenty times the energy as ordinary
concrete. The compressive strenght of Thermocrete is one thousand
pounds per square inch, approaching ordinary concrete. 50

PARAFFIN BASE

Another type of phase change material is the paraffin base
material. There has been tests conducted to determine if a paraffin
base material could be used effectively in a passive system. Results
of test to date have indicated that the paraffin based material could
be used to collect and store solar energy. The materials developed
can store up to 250 BTU/sq. ft. Another benefit of using a paraffin
based material is that when it is liquid it is transparent, giving
it the ability to function as a window. There is on going work in this
area, to try and produce an even better material. The paraffin
based material will be inexpensive. 5X

POLYHEDRAL WALL

The Trombe Wall, with phase change material used for thermal
storage, can use a polyhedral (honeycombs) plastic cover instead of
glass. The polyhodral plastic will transmit more than 60% of the
solar radiation and act the same as an inch of thick foamed plastic
(R-4 or higher). The polyhedral plastic will have to ke made from
a plastic that will not be attacked by solar radiation. The polyhedral
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plastic will be inexpensive, and when combined with a phase change
material gives an effective passive solar system. There is further
experimental work going on in this area. 5

HEAT MIRROR, CLOUD GEL, AND THERIOCRETE USED TOGETHER

The heat mirror, Cloud Gel and phase change materials can be stacked,
as in exhibit 26 , to produce an effective passive solar collector.

Ael r''-,-,
-t 'e'or

EXHIBIT 26

On a sunny day the solar radiation will pass through the heat mirror
and Cloud Gel and be absorbed in the Thermocrete. The Thermocrete
will start to melt, when all the rnaterial has melted the temperature
will raise causing the Cloud Gel to turn white, if set temperatures are
correct. At this time the Thermocrete is completely charged, and
prevented from overheating. The Cloud Gel will not be affected by
outside temperatures because it is slti-ded by the heat mirror. The
Thernocrete will thus slowly freeze, but stay at one temperature. If
the Thermocrete melts at 707F and it averages 307F outside, and there
are two layers of heat mirror, in a 24 hour period only one third of
an inch will freeze. Calculations show that on an average January
day in Boston, there will be sufficient solar radiation to melt two
thirds of an inch of Thermocrete. Thus with this type of system
it can be seen that even in the terrible New England winters it can
maintain a comfortable 70-F.50

MOVABLE INSULATION

NIGlITWALL PANEL

Movable insulation is often used in passive solar systems to
prevent the loss of heat when the sun is not shining. There are
many kinds of movable insulation, ranging from very simple to complex.
Four different types will be described to give an indication of what
has been develpocd in this area. The night wall panel is simply a
lightweight rigid insulator that is attached directly to the window,
when there is no solar radiation. The panel can be held in place
with magnets or some other convient method. The night wall panel
allows single glazing to be used, in a passive system, which will
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allow greater solar energy into the house for use in heating. The night
wall panel can also be used to keep solar radiation from overheating
the house. Tests conducted with night wall panels, including edge effects,
showed that an effective thermal resistance of 3.12 can be obtained
from a one inch beadboard, including the value for the glass. 5cc

BEADWALL

The beadwall uses tiny styrene beads that are moved from storage
to fill a gap between window glazings ,..hen needed. A vacuum cleaner
motor is used to transport the beads. The motcr is automatically
controlled so that when t.Ae sun is shinning the beads will be in
storage. Exhibit 27 shows a beadwall system. There was no thermal
resistance value given for the beadwall. 5CC

EXTERIOR SHUTTERS

Exterior shutters can be used many ways, and is an effective
and often required insulation for passive solar systems to operate
properly. The thermal resistance obtained will depend of the material
used and how all the edges are sealed. An added benefit of increasing
the solar radiation collected, can be obtained if the shutters are
designed and used correctly.

SELF-INFLATING CURTAIN

The self-inflating curtain is an automated device capable of
providing an efficient movable insulation for glazing areas, especially
for Trombe Walls. The curtain is automatically put in place when
there is no solar radiation. The curtain will then inflate from the
hot air raising. The hot air will be iatercepted by vents in the
curtain, creating an increase in presaure and inflating it. How
thick the curtain will inflate will depend on the mechani,-al stiffness
of the material and the gravitional forces acting on it. The curtain
will be stored in a roller above the wall. As the curtain is rolled
up the air is evacuated through the side channels and the slts at
the bottom of the curtain. The curtain conSist of a number ,, layers
of thin flexible material of high reflectivity and 1cw emissivity.
When the system is inflated it will reduce the heat loss through the
windows. An important consideration is the area of glass to be
covered. If a large area of glass can be covered by a single curtain

it will give the minimum infiltration rate, by keeping the linear
feet of crackage to a minimum. A small curtain tested had a thermal
resistance of 9. This was considered low because it was a small
curtain, which will give too high of a infiltration rate. It was
conservatively assumed that a curtain that would be used on an actual
system would have a thermal resistance of 12. The cost of a curtain
20 feet by 17 feet is $4.28 per square foot installed. To determine
the payback period a curtain was used on a Trombe Wall with double
glazing in a 9,OCO'F day climate. The curtain was assumed to hove a
therm-al resistance of 9, ,'hich is low. The payback period for Aspen,
Colorado, with an electricity rate of three anJ a half cents per
kilowatt hour and an increase in cost of power of 15% per year for the
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next five years, is 4.2 years. Considering the improved performance
and the cost of the curtain, this is an effective movable insulation.

HEAT PIPE

A technique that is being tested is the use of heat pipes in
combination with a water wall, concrete wall and paraffin wax wall.
The characteristic of heat pipes that is useful in passive solar system
is its thermal diode effect, allowing the flow of thermal energy in
onedirection only. The heat pipe will take heat from one end and
give off heat on the other end only, with the reverse flow prohibited.
The heat pipe used in a passive system is shown in exhibit 28. 5

The absorber plate, with heat pipes attached, will collect solar
energy. The heat pipes pointing up through the insulation into
the thermal mass will transfer the collccted solar energy to the
thermal mass, when the absorber plate is warmer than t.e stora Te.
At night or when cloudy the absorber plate will ccol do,., but
because of the thermal diode effect will not drain the storage. This
system will not need movable night insulation, because there is a
permanent insulation material between glazing and storage. Another
advantage of this system is that whenever exterior conditions allow
the absorber plate to cool there will be insulation in place, unlike
other systems. In test conducted the "w;ater wall gave the best per-
formance, but the paraffin wax wall and concrete wall performance
were close. When a water wall with a heat pipe was compared to a
water wall without a heat pipe, it was found that up to more than
twice the useful heating output could be obtained. The single glazed
water wall with heat pipes ha an output that was nearly twice the
output of a simple, no night insulation, double. glazed water wall.
The use of a heat pipe in passive solar systems will need further
work to determine tne optimum configuration and number to use. The
heat pipe appears to be a very reasonable devise to use in combination
with thermal storage walls.5
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WINDOW

WINDOW DESIGN

Windows in passive solar design is ver: important. To get an idea
of how importi:it windows are in the useage of energy, there is about
one third of the nations energy consumed in buildings (residential
and commercial). Of this energy consumed two thirds can be affected
by windows. Therefore, the proper performance of window is very
important in the field of energy used in buildings. The six energy
control functions of windows are passive solar heating, daylighting,

shading, insulation, air tightness and natural ventilation. Recognizing

these six functions, one can begin evaluating how a windc.w's per-
formance can be improved. The following strata-io, in window design,
will be discussed concerning imorovencnt of window performance;
site design, exterior apendages, win sow frames, glazing, interior

accessories and bui'dinq interior. Site design is im:ortant because
by altering local solar, wind or air temperature the thermal perfor-
mance of a house can be improved. vi examcple of a site design that
will imorove a piniows performance is the windbreak upwind of a house.

This stategy functions because wind direction in an area is usually
the same durino seasons. With the winter winds coming from essentially
one directio-, a -windbreak can reduce the infiltration rate nd con-
vective heat losses. The infiltration rate is reduced because the

windbreak will decrcaso the wind pressure on the joints and crakcs
of tile sinduwds. The convective heat loss will be less because with
less air movement across the window the boundary laver will be more
effective in its thermal resistance. If a planted windbreak is going
to be used, it should be located downwind a distance no further than
one to one and a half times the buildinz's height. A fence windbreak
should be located closer, and allow part of the wind through. By

allowing some wind through the fence, the -urbulence of a solid fe11e
will be evened out. If the wind's direction ch nges for su=mmer,, the

cooling affect will be m-.intained. 5BB

The use of exterior appendages is very valuable in wineiow design.

The appendages can give daylighting, natural vent lation, increased
insulation, and shading, depending on how they are used and what
effect is needed. During winter when the sun is shining the appendege

can be opened allowing light and solar energy into the house. At night,
or times of no sunshine, the appendage is closed creating an air space

and along with appendage itself will be about equivalent thermally
to adding another glazing. During summer the appendage can be used

to shade the sun's energy and allow natural ventilation. Reflected

ground light will be admitted to give some daylighting. The exact

type of exterior appendage will determine how effective each of the

factors are in improving the windows performance. 5BB

The frame design is important to window performance for several

reasons. How much lineal feet of framing there is will affect how
much infiltration is allowed into the house. The larger windows

will let in more solar energy in comparision to the infiltration

rate than a smaller window, but the amount of conductive losses will

be greater in the larger window, unless night insulation is used.
It i8 for these reasons that the sizing of the window area, along
with window perimueter, should be carefully designed to give optium
energy gain. The direction a window opens will be important in
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allowing air to either enter or leave the house. Also of importance
to window performance is the tilt of the frame. By tilting the
window frame towards the ground the summer load can be reduced and
the winters solar gain largely unaffected. The summer load is reduced

for two reasons, the amount of direct solar energy allowted to strike
the window, and the amount of solar energy allowed through the window.
With glass the solar transiissivity is greatly reduced for angles of
incidences greater than 57 degrees. In suner, with the sun higher
in the sky, a greater than 57 degree angle of incidence can be obtained

with the correct tilt. Also to be considered in the tilt is to insure
that less than a 57 degree angle of incidence is maintained during
the winter. If the above tilt can be obtained the armount of solar

energy allowed through the glazing will be essentially unaffected
during winter, because the sun is lower in the sky, and greatly reduced
during the summer. 5BB

The glazin,; is the last chance to stop adverse climatic forces.
Single glazing has been greatly used throuhout the United St'tes
and is the least effective in controlling climatic forces. hat
can be done wiith multiple glazing .w7ill be discussed later. An often
overlooked glazing material is the glass block. The glass bloc'k
has some unusual properties that can be effectively used in energy
conservation. The U value of glass block can be as low as 0.4],if
a double air cavity is used. The larger the face area is the better
the performance will be, be.cause of infiltration. Te. lass b
also has substantial mass, which can be used to store some. hea ,
which then can be radiated into the house at a later time. Usw much

light is transmitted can be contr.)lled, alo)n, with the dire,'ticm the
light comes out of the blcck. Therefore, tho s~l.r energv colld be
allowed to penetrate further itIo the rc,- ane onto more 7:0:Q s. ,I'at
kind of glazing is used wil effect the amount of sjlar ener:': adm7itted,
the am:1ount of dayli ghtin obtained, a:nd the amount of .,..,atie:
provided for heat loss. 5;'.'

Interior accessoric. are in-'orcus, nu '- rti' in ho"
they effect the performnce of w'idows. One .dv 'i[ i:e to interior
accessories is their aec s'1- it. An, interest li cCssor:,v thah
can be used on an'y south facin,-, -'win lo': s t Ark- -seal. T o
system consists of a ,uide r.im with th-ee f sha3es; o:c heat
absorbin g, o:ue reflectiv'.e. ,.d one clear. Darin" -,'iner dc.;, the
heat absorbing and zlear s:.,de are lowered. 71,e o r energy wil " beat
up the heat absorbing fil:i. When the air is w'.mer' betnecn the shale
than the room temperature a vent opens, al.' 'Ia the air into the
living space. Whicn the air cools down ov.er t.tAn rocn terperature
the vent will close. At night all three shdes are lotvercd providine
an effective insulator. The window can also be uscd during the sa-mer
for cooling. This accessory, by collecLing and distributing solar
heat at the w¢indow vice the living space, allevia t.s the prcblem
of fabric fading and glare from direct sunlight. At night, this device,
by providing a good insulator, greatly decreases the windows losses. 5BB

The building interior will greatly determine of what use the
admitted solar energy is to the house's heating load. How the window
is used in the basic concepts have already been covercd. An idea
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that can be us,d in just about any house, is to place some thermal
mass by the window to store what solar energy is admitted into the

house. !W'ater cin be used for this very effectively. The above
st ratt ges %ive sc:7e idea of what should go into the dcsi: n of a
window for a .ou.e, for them to be effective in energy control. 5B3

T!URE GENZ:EATICN, GF WINDO' DE07LCPt£:T

The glass used in windc.is have gone through essentially three
generations to date. The "first generation" is the flat clear glass
used in most ejosc.s. If this glass is used as a single glazing it
is not very eff:ctive for use with solar energy. It will allow
the most cnerouF through, but also has the lowest U value. Multiple

glazin, can be used to increase the U value, but the amount of solar
radiation alo;,-d through will be decreased. The "second generation"

a: the use of heat abso rbing and glare reducing tinted glass. Their
function is to reduce excessive solar brightncos , like putting
sunzlasses on a building. They can also have low U values. There

is also sore special low absorbance glass to give high solar energ-y
transmission. This kind of glass is usually used in solar collectcrs.
The "third generation" glassare those with reflective characteristics.
A thin reflecti-.,e film is applied to the glass. This type of glass
can have a ran.o of reflectance, absorbance and transmission properties.
The successive generations of windows show the increased consideration
of the solar energy in glass advancement, which should result in better

performing s ind as. 5T

ENERGY T-?.NSPOT CONTROL IN INDOWS
A new concept in windoaw systems dIosicns, uses a larger than

normal inter;a:e e-aration, with venetian blind-like convection
inhibiting and radiition-controilig arrays! Exhibit 29 is a
schm riz oF a between-the-glass conve n-raiaton rol sstem.

it - e

Allow ktqk R
5 0 I A V A I U e -

I 
C9

1-e ofl /~Iy.~/rfe' iSU/4-/.rS
EXigSIT 29

More th~a one array crn be used in a window . When more than one
array i; used, a higher R value is obtained and greater operational
flexibi itv ia achieved. The arrays can be arranged so that the
maximum amount of sonlr energy is admitted into the house, and so
that the solar energy i.; directed to the thiermal storage within the
house. In tests conducted with this type of window system, U values
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of 0.1 BTU/hr/sq. ft./ 0 F in the nighttime mode, and 0.2 BTU/m/sn. ft./JF

in the solar acceptance mode have been obtained. Even smaller U values
appear to be achievable. This type of window system can make the
window, suallv an overall deficit to the house's heating load, an
asset. This window s~stem is a good example of what can be done to
improve the performance or windows, a very important part of passive
solar heating, systems. 5R

At present multiple Slazing is the usual method used to improve
the U value of windows. The primary disadvantage to using multiple

glazing is that as tilo U value decreases, with added glazings, the

precent sjlar radiation transmitted decreases. Exhibit 30
shows how the precent solar radiation transmitted and U value varies
for different nu:mbcr of panes. Exhibit 30 indicates that multiple

glazings can be effective in controlling heat loss on the ;indows
not used for colleotin.g solar energy. As pr,_vi-usly covered, there is
work going on to try and improve the characteristics of windows for
use in a passive solar system. Then the disadvantages of glass are
overcome, w-'ith the advantages maint-'ied, the performance or passive

solar systems will be improved. 5

WINDOW QUILT

Window coverings can greatly imprave a windows thermal performance.

As mentioned earlier, there are many different kinds of window covers.
Most coverings are designed to work with windows associated with a
passive solar system. A concept that can be used on any window is the
window.,• cuilt insulating shade. The window Quilt has five layers,

consisting of two layers of polyester batting senarated by a vapor
harrier of pted polyester film with a decorative coveri a . The
mounting hardware is designed so the the shade can be moved up and

down and have the edites sealed. ,.Ien the siade is all the way do,-n

the perimiter of the sanes is sealed. The shade performance is as
follows;

I. Window quilt applied to doable hung single glazed window
a. U value 3.15 SDP/sq. fr./hr/ F without window quilt
b. U value 2.30 B1U/sq.ft./hr/cF with window quilt

2. Window Quilt applied to air tight fixed single glazed window

a. U value 1.03 3TU/sq. ft./ hr'"F without window qu.lt
b. U value 0.23 BTU/sq. ft./hr/"F with window quilt

The payback period will depend on how consientious the user is,

but should be from 2 to S years depending on wzeather condit ions. A
nice feature with this insulating shade is that conveTntional sha-es

can also be used with it to make an attractive window'. 5Q
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THERU-AL DATA REQUIIKtMENT AND Ev7RANCL 7EVALUATITON

Perha-ps. the weakest area in passive sol,)ar etigteclhno-o y is
in predictins, a svs ton.s pertormianco. There are simoiplified2 techniques
and computer program.s whichi ore designed for sptcific passive solar
concepts, but .,hen combinations or hybrid sy.sturis are used .he
tcchniques have to be m.odified, which usually requires a working
knowledge of both, computer program-ming and heat tra3nsfer. TI'- further
complicate the problem, %u hen passive solar ccn,-Cepts are combinedO their
perform.ance is not always the sum 01 the ind11i.iual co-ncot-s. Thiis
lack of workaible -methods to simulate the Derfor::-anco of m.assive solar
systems has resulted in passive solar bear~ng gar-,ting a badl name,
because of inadlequately de-signedbld n ein_ uncomforta ble. The
siuotion is improving b-ecasue of experiunc gamn from houses with passive
solar systems. Thorefore, a sta--ndar -.izd m-2tlod of evlaiomassive
sol)1a " systems shculd be develemed, so tha m svstems desigmed will
give at least adequato, Derrarmanco and arfrbly the ma pemor-
for-mance. The procedure may reoc-ire a computer, but it s h u~ e
a canned p rogram. tl at :-i ev'aluato anl of tile p!Ssive so-': cccepts,
comibinatien of , and or hy brids by sir ol' uu'nin , parc. et r--. Another
problem w'7_n simulati-n passive solar svst.&7s Is ti-e ne- for cl
weather data, .,hich is vory time consu7;-'. The-re "has Lcn arcdr
proposed by D. Lou to atoreo t:I n required ct.
The proaeduri- ro iuc t' e veers hourly ,-atiier oa:to

.. eeks" of hourly Jata. TI-is ?rocedurc has btom- taste3 n
produce result s that are 99.6oZ accurate at aboutZ 6:, Co the cost or
1007. accuracy. A descript ion of the proceudure is pre sented in r:oI
Conceivable if a canne2d computer program as dcsc'ribodc above,' cOula
be devw' lac.ed aion;,, with reduce1d weather 'data, the oct m77um Tassive
solar svstem could be detrme frt a , priula rar.

STANDA:RIZ-E'. EVALUICO(N PIR0CE-7D URES

The National Bureau o' Standairds, at the c--t tha D.onartmc.:rt
ofEegy, is r'.inlr cc-;'euhr a wouec h' s IIt:.c d: the

evaluation ai a s s i ve solar Ss Ltm's . The ,. Scc or hedoura
is as follows;

1. Establishi -ertiraurt perrancfactorFs
2. Determ -ne the tyre1,, accuracy, range and frequcncrc ecie

measurtement.
3. Identifv appropriate instrumentation.
4. Recomm:-end data anailysis and reporting techniques

From the results of the proJect the evaluation of the passive solar
system should be able to;

1. Determ.ine enierg;y savings of fossil fuel and electrical poweCr.
2. Determi.:ne the ftriction of the building's hot)' waiter, heting

and/ur cooling load! contributed by a paIssive sy'stem.
3. Eva] lie pass i v comaponents the ral cbairoctorist ics
4. Dvt-rm--ie the boldnscomfort luvel
5. Determine the exteLnt of occupan interaction requireOd for-

functijonal pe~rforma,-nce or other operat icnil rqioe
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. - , steM degradation for the measurement period,
7 insolatin an] other ambient environmental data for

de si.nin, an! evalution purposes.
For furthiera. cr the p roject refer to reference 5V. This kind
of work is the 1'-...1 nced dJ to get passive solar systems more fully
accpted u rsult in easier designed systems that provide
acctpt .le co:fort conJiticns to homeow-ners. 5V

S I R T 1 ONS

SI PLIFIED T1C0NIQEE/CROSLEY HO-

A non computer method of predicting the annual performance of a
passiie solar system w;tn mnial heat stora 2 has been performed on
the Crcsly hone, by Adre' M. Shapiro. The metod uses average
monthly sun and trpenratcre conditions fron available weather data.

The month is thn broken down to full su:n days and non full sun days.
It is , snot cn full sun days there will be an excess of solar
energy available. The averace monthly and daily heat loss is calculated
using standarcd procedures. For a full sun day one starts at a given

hour, and calculates the heat lossed and jaine] during that ho,,r. If
there is any extra energy available the surplus is carried to the next
hour as heat stored. All heat storage in the house is treated as
an isothermal mass at the temperature of the interior of the house.
TWhen tiere be-cins to be a surplus of energy the house will begin to

raise in temperature. The greater temperature :ill cause a greater
heat loss, because of the greater difference in temperature. The
increase in heat loss is tabulated separately from the heat loss if
the house staved at 20'C. For the next hour the heat loss due to
increasing the interior temner.ure is subtracod from an" surplus
energy available, whatever energy remains is added to the next hour.
This prccess conti:,tn'es until the heat storage reaches full capacity.
At full capacity any a' itional solar energy is not allowec: inta
storage (dumain,) Losses ]ue to any increased interior temperatures
(overheatinz) - -re totalled separately. At this point the
only sun heat beig that ,,hich is keeping the house at 20C.

If a person aia n wa to dump as much solar energy, additional
thermal mass could be aIded to the house. After tne sun goes do,.-n the
heat stored in storace will be released until room temferature is

reached. The he:t frm storage vill be equal to the heat loss for that
hour, hich is the heat loss at 20C and any heat loss due to the
interior being at a higher temperature. One full sun day is done
for each month using average rvu:im'i, minimum and mean temperature,
and average clear-day radiation. The average monthly gains and losses
over the heating season are tabulated as follows:

1. Average heat loss in absence of sun and average gain from
sun are figured from the average daily figures, for loss and gain,

multiplied by the number of days per montn.
2. Full sun day totals for overheating and dumping are multiplied

by the numbers of clear days in the month.
3. The results of 2 subtracted from the monthly average gain from

the sun will give the useable sun heat.
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4. The useable sun heat subtracted from the heat loss in absence
of the sun will give the needed supplementary heat needed.

Exhibit 31 is a graph of the above procedure used on the Crosley
home for a full sun day in December. Although this is a simplified
method to simulate a passive system, it is obvious that it will be
time consvu.m, ing to perform. Considering the cost for the time to work
this method ,iakes the computer simulation.; more attractive. The problem
with computer simulation is that they are as of yet not flxible
enough to be used on any system but what they were desi-,.ed for. The

computer programs con handle some modificatiotns but it will usua iI.,
involve mudifvir, the basic program. This kind of modification will
require computer pro-rarming and heat transfer kncwledge. A co ,p.m-'_
program tat can give results for man-.y different passive solar systems
by modifying input parameters is very much neded.

CO"Q1L~TER SIMULATICN/PASCLE

PASOLE is a computer program to predict the perf r-'n, of a

Trombe ball or a water wall. This prc)gram was select to work witn
to gain the experience of working with a canned computer proerom:,
and to see what kind of perror'ance could be obtaine,! from a ronre
Wall in Corvallis, Oregon. Weather data for tloe pro ram wa co!lected
for the manth of December only, for the year 197S. The winter of
1978 in Corvallis was a severe win.ter. There-ore, the percent solar
load from the computer run will be close tc, the :,ini: : that cc::l! be
expected. A copy of the weather data used is Ima aendx 1. Ton
Wilson, from Oregon Depart:ent of Energy, was consulted to nd out

how to use PASOLE. Tom Wilson has used and odificd PASO, to its

present state.

A copy of PASOLE is in appendix 2. The program con be run from
cards or a teminal . The ter:m.inal was so lected for tw:o reasons;
to learn how to use the termin al and becanoc the t&,r7iool uses less time
between runs. PASOLi has been constru ,u e2 as the so-ce p r 'Sram
with PASOLG, O as th'e object pre'ra::. Pcefore PASOLE can be used two
files have to be created . A weather file and a com:n file. T ie
weather file was created from cards in the followiar, fo-mat:

COLIL'UN DESCRTPTION UN ITS

8- 9 Year (19 ) --

11 - 12 'Months (I - 12) --

14 - 15 Day (I - 31) --

17 - 1 1 Hour (0 - 23) - -

20 - 23 Total solar radiation --

on a horizontal surface W/M 2
28 - 29 Wind Speed 1/seC
31 - 35 Dry buld temperature deg. C

Hourly weather data was cellected and put into a file named weather.
The weather file has to have data for 24 hours a daw. The first
hour of the day has to be zero hour with hour twenty three a,; thu last
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.2

hour or the program will not run properly. The command file can be
easily created from the terminal, and has the following command inputs:

CONTROLTHP (next line gives minimum and maximum control ,ode
temperature for night and day) T-M.tin hite, T-max-nite,
T-min-day, T-max-day

D LONGITUDE (next line gives difference in time longituP and

actual longitude)

HOURLY 10 (next line specified starting and ending days for

hourly output) LDDY, >£.-DDYY

LATITUDE (Next line gives latitude in degrees)

XONTHS (Next line gives the number of months the si:ulation is
to be run.)

RESNIGHT (Next line specifies R-:ailue of night coveri:g insulation
for wall. Units are l/BTU/ F/sc. ft.)

STARDATE (Next line specifies the starting date of simulation,

,MDYY format)

U LOAD (Next line gives the load value of house ncr-malized by
the collector area, house load/caelec:tor area (T/hr 0 F/
sq. ft. of wall).) This value is usually about one.

VENTS (Ne:,:t line gives vent status, 0 = no .'cts, I = vents always
open, 2 = no reverse flow, Toenmostati: vent control.
Default = 0

AUX CMOO:;2T (specifies whether auxiliary cojling will be used

On the tormin a nu:ber of command fi es can be created so that
runs with di fferon paramoters can bc esily run. An examole of a
c')mp ad fi=: i c re! ted on the t. t al is n l ;

Note; U:iderlned materii! to be entered at terminal

1. Log onto terminal

Conitrol A

2. /EDIT CO.Y (Ccm is command file name)
3. Begin text editing

4. ? A

S. Enter text
6. ? / CON.ROT, TMP

7. ? 60. 75. 65. 75.
8. ? D LONGITUDE
9. ? 3.4
10. ? HOURTY I d

11. ? 1201 1, 123178
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12. ? LATITUDE
13. ? 44.55
14. ? ,ONTHS
15. ? 1
16. ? RESNI GHT
17. ? 3
18. ? STARTDATE

19. ? 120173
20. ? ULOAD
21. ? 1
22. ? VENTS
23. ? 2/
24. Ready

25. ? END
26. End text editing
27. $ EDIT, CO,.
28. / SAVE, CCM

Now the command file CO., is created and can be used in 2ASCLE. The

data for the comoans can be loacted anywhere on the Iext liie for
that command.

With the weather and comanand files created PASOLE can new be run. h
The following steps are used to run PASOLE and have the results pri-ted
on the computer printer.

Note: Underlined material to be entered at terminal.

1. Lot onto terminal
2. / SETTL 1i00 (sufficient for one months data)

3. $ SETTL, 100

4. / GET IWEATEER, COM
5. / GET, PSLU,"N = (file it where PASOLE stored)
6. / FTN, I = PASOLE, L = 0, B = PASOLCO , OPT =2
7. / SAIE, PASOLGO

8. / ATTACH, iMSL, U, = LIBRARY
9. / X 1 LBRAR IMSL
10. Library = IM'SL
11. / TITLE (PFIL) Put in title desired for output

12. / PASOLGO, P71L

13. X CP seconds execution time
14. / ROUTE, PFIL,DC = PR
15. Route, Complete
16. / BYE

At this stage PASOLE will be run and the results printed on the printer,
with the input of the weather and command file used to give the
output. One mcnth of data will take about 43 CP seconds. The ULOAD

and RESNI(;IT cc.::mands where considered the most important as far as
system preformance was considered. The following values for ULO.\D
and RLSNICHT wore u~ed to obtain the precent solar load from PASOLE.
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U'SA IEN I GIIT PERCENT SOLAR

11 3.2
1.5 3 7.89
1 3 11.53

.5 3 20.55
1 9 18.61

The actual printouts for these runs are in appendix 3. The above
results show thait the percent- solar can be chan-lcd preatly by chang'in-
the values for 'ULOzD and TLESNIGHT. The lower value of ULO'AD in an
indicator of a tighter house as far as infiltration is concerned.
The higher value of RESNIGiT means there is less loss of heat at nig'ht.
To maximize the performance of a Trombe wall., ULOAD should be a minimium
and RESNIG'HT a maximum.

The PASOLE program can simulate a Trombe wall or a water wall,
but to chang-e frcm Trombe walto water wall requires modifyin.; the
base progra:-.. There is an on going attempt to create, from PASCLE, a
program similar to F-chart. This pro,,ram will be of greater use for
designing passive solar systems. A description of PASOLE is is Appendix 4,
i.t. is essentially a thermal network solution.

EVANLUATION OF PASSIVE SOLAR.Z HEATITNG SYSTEM E 1O ?-LNC E

Once a passive ,olar system has been built hoTw, dees the user know
how well the svs, oc is nerr7.ins Bristol, L. Stickney hias devised
a simiple methcd 1" et:1luate a passive solar sx'slemtl perfor:m'ance. The
method requires only pair or -max Iimum minitum. reeo,,iin,- thermn-eeers.
At present tno -me _hod t.s ica to inc heating on>',. The follow,-ing
are de fini t ions of 7 1 "I'?-4:1 tho;

ITMkX-Indoor: -' r

I!TMIN - "'oor air .

OT.M:: - u.] r1

ITR - l~~

OTR - Out !nr T to-).-rature rangte

MLtX - CITD!IN =OTR (equ. 2)

10R - RANGE FLTIO

!TR/O'F R (eq. 3)

OT DY (DelIta Te a! I .t L.I.' ' aK

during daiy

page 68



OTNT (Delta Te night) The indoor-outdoor temperature difference

during tho night

ITMIN - OTMLN = Oi'NT (equ. 5)

OTAV Delta Tee average

(OTDY + Or.T) /2 = OTAV (equ. 6)

ITAV - Indoor temuerature average

(iTMA2X + ITMIN)/2 = ITAV (equ 7)

OTAV - Outdoor temperature average

(OT."MAX + OTYII) /2 - OTAV (equ 8)

The thermometers should be placed in a shaded area, inside and out-
side, and rose: so that no previous measurement wili be recorded.

They should be set up in the morning bet':een 7:00 A.. and 9:30 A.M.
and left for 24 hours. Al that time 1T-_AX, ITM!N OT'hA X and CTMIN
should be recorded. The data can be taken for any day, but a cold
sunny day will tend to give the most meaningful results. A cold

sunny day will tend to drive up the indoor temperatures and tax the
limits of the storage mass. 5W

Once the fcur initial temperatures are obtained, the remaining
eight parameters can be derived from quaions 1 through 8. ITR and
OTR establish the limits of the indoor and outdoor temp~erature

fluctuations. RR establishes a reference number that indicates the

quality of the buildings response to these fluctuations. OTDY, OTNT
and OTAV indicate the building response to raises, drops and fluctuations
in outdoor temperature respectively. ITAV is an indicator of the
average comfort level indoors and OTAV indicates the average severity
of the outdoor. The absolute accuracy of these parameters are not

necessary. Once the eight parameters are obtained interpreting them
is difficult. Bristol L. Stickn~y has devised a chart to easily
interpret the meaning of the parameters. Exhibit 3? is the chart

devised by Stickney. 51

The RR and OTAV values are used to determine how the system is
performing. The OTAV value is plotted on two parallel lines offset
to give the limits of fluctuation on the OTAV scale. The OTK scale
is used to set the upper limit of the RR values. The OTAV scales
and OTR scale will line off a comfort zone, zone A, zone B, zone C,

zone D, zone E and zone F. By plotting the point where the RR value
and OTAV value cross, the performance of the system can be detcrmined.

The best perform.ance would be the center of the comfort zone, but as
long as the point is within the comfort zone the itterior te::.perature

stayed within comfort standards (60 to 750 F) That is indicated if
the point is within one of the other zones is as follows:

ZONE A - RR too high, OTAV is too low
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The ther mal contact between the storage mass and the collector
is inadoquate

Add more storage mass and/or mnre sunlit storage surface area
Add more insulation to improve the inadequate thermal

envelope of the building. (i.e. night shutters, roof and wall

insulation)

ZONE B - RP is too high OTAV is O.K.

More storage mass and/or sunlit mass surface area is needed.

Venting overheated air and/or shading the south of the building

may be necessary.

ZONE C - The RR is too high. OTAV is too high. Same as ZONE B

ZONE D - The RR is O.K. OTAV is too low.

The building needs more collector area.

A better thermal envelope is needed.

Add insulating shutters and/or more in the walls and roof.

Remove any southern snading devices.

ZONE E - The RR is low OTAV is O.K.

There is no solar gain. Either the building is being heated
by storage discharge, or a thrimoscatic space heater is in

operation.

ZONE F - The RR is O.K. OTAV is too high. Same as ZONE B

This s.Mter can be used on any type or passive solar system in any
location, and is very easy to use. This type of evaluative procedure
is needed if passive solar sstemns are going to be generally accepted. 5
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CONCLUSION

At this point it would normally be approriate to present
why passive solar heating is the desirab-le way to go. To do thi3
would mean trying to point out ho, passive systems are better than
active ones. This type of thinking has created t,:o sides, when there

should only be one. Initially separating the solar concepts into
passive and active .,,as probably good, in that a concentrated effort

could be put into each side. As stated by Richard S. Levine, it is
time to start using an integrated approach to solar desi-ning, oee
that would take the best from both passive and active systems to
come up with a 100' solar heated house, except for pumping poor and
controls. Our present state of design is like the first po:ered
vehicle, the horsoloss carriage. The horseless carriage had an
internal conbusticn engine on a vehicle that use to be pulled by a
horse, which was an av.,wara arranmeneu, ,ith time an integreed
approach %;as taken and the Vodel T came cut, which is what is going
to have ta hampem, to solar design. An example of how a non inrecrated.
approach can lead to no- the best design is the F chart program.
The F chart pro-ram is wzry popu2ar and accurate wit:.in the ran,,e it
was designed for, but it is only designed for active systems and
gives accurate results only for solar systems that wi: i provide
up to 707. of the heating load. These assuptions are cosolete,

because it is possible to design a cost erfecti'.e house that receives
all it's heating, cooling and hot water needs from solar energy.
It is therefore time for solar dcesign to get out of its infancy and
start advancing towards an integrated approach. Once this design
becomes accepted the two sides can work together, and start to quickly

advance solar design. The Raven Run Solar House has been designed
from an integrated approach to supply 1OC, of the heating fron solar.
This house has active and passive collectors side by side on the south
wall to optimize the solar collection. The integrative design concept
goes beyond m-:i,-izing solar collection and storage to what the house
is nade of, now it is constructed and site conditions. At present
the biggest probn with integrative design is the design itself.
There will have to be simplified desig-n procedures developed before
solar energy systems become ge ,nerally accepted. A possible hindranc
to integra-ted desin bein. accepted is that passive systc.s have beuc,
thought as for architects, and active solar systems for engineers.
This kind L. thlnkn gwil] h- a- ,,ve to be rejected, with both engineers and
architects working together. -T-gether is the key word, everyone
working towards a cooion goal. 5A

There has been some adyancenent of :aterials that can improve
the performance of solar systems. Thcse materials can be very use-
full, but unless solar design becomes generally acepted there will
be no market for them. At this stage then, it will be important
to take the steps that ,ill begin to make solar design accepted.

The more accepted solar desion becomes, the more incentive there
will be for it'.proving -materials for solar systems. A weak incentive,

by the ;overnmcnts, is the tax incentives. The problem. with tax
incent ivs arc they encourage sy'st:s thnt suppIy the minimum
perccntage cf the heating load by solar energy. ,<en ust the
opposite should be encoutrac d , the u!;e of larger solar percL'ntage units.
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PASOLE: A GENERA\L SIMTULATION PROGRAMI
FOR, PASSIVE SOLAR ENERGY

by

Robert D. 'McFarland

ABSTRACT

The PASOLE computer program was developed to (10 simulations or
passive solar heated buildings. Modeling is done using, a general thermal
network method that allows for heat sources and thermal storage. Suin posi-
tion equations are used withr a global-to-direct solar radiation correlation to
develop solar heat sources fromt measured insolation data. Models of a par-
ticular class of south-mdss-wall passive buildings have been developed and
are described in this report.

INTRODUCTION

PASOLE (PAssive SOLar Energy) is a computer program that incorporates a.general, thermal
network solution of an interconnected system Of Unifor-n temperature regions with time-varying
boundary conditions and heat sources. IPASOLE was designed specifically for dletailed anly.ses
of passive solar heated striictures and includes alg-orithms for calculating sular source, in a
general way. Because of its generality, P'..\SOLEC can be used to simla.te h~hrid or active solatr
heating systems. The PASOLES Format. allows tile User to describe the thermal nietworlK model hy
sp~ecifying nodes that represent finite regions, connections between these nodes, and pararneters
associated with the nodes and connections. The:se specifications are niade in FO01RTRAN sub-
routines in the program. PASOLE is not at standard "user oriented" program: that is, to use the
program for other than the specific models for which it is programmed, the user must have somne
knowledg e of heat transfer principles and FORTILAN prog-ramming.

In describing the program, we will refer to at particular class of south-mass-wall (SNIW)
passive sodar h~4iesvstem. -the network mnodels for which thi,. version of PAS OL-' I;
pro.-rammPLd Alt hough AtLEwas nma written speciticalv for these p~art icular models, tihev

have been uset for exVennive parometric analyles and serve ats an example of how simulorion
models can he created. Fo'r the-e rnc~dels. hour-by-hour simulations, for one full year, using realI
weather 6a, talke aboit I mmi of central processor (CP) timne on the CDC "Goo.

Most. of the variablles ill 0.; ogramn are Ji~en in A\ppendlixes A-C. 'File FORZTltN lis.ting in
AppendiK D includes nr'.umroiI, coinments. A sample output is given in Appiendix F..

I L --- ---



P1 E~7 A.NEtTWORK N MO )I EL OP PHl YSICAL. SYSTENM

Thie S\St ,in':; physical and ctii rofl en I; ta structre is represenrted b a not %york of N ziode .

eaich repreenin.,c a region ot knitorm tvintperaiturc.. Fach node ni1\ he cniiected to any other
11dc liv a thlermal conducitanue it, such thWIN h rate ot heat fILu\v froml node i to lole j is linear.

( 1.= , (T, - TI). Fach node inn'.' hav a heat inucitance M and a Wiat voure rate EK Te
wource rate E mony he a linear fotinon ofi the nde t emperatre FK = S + 13'.

The heat haLinceu at any gi,,en node i it tinie t is

E K ii (T1 -Tj) + Mi (dT/dt) i = S.i+ 1- BTi

where j denoteseach of the other node,; in thL' nt~twork systemn. Many ofthe K,,'s Osalla a-e zero.
hut IN, iaz 3WANys Zero j()r=ji. Ma IWAY Wtd~ ae no heat source tern? (S, 0 1 ) and mnany
have ismentiay no heat caacity (NI, 0). When the Woe As mans~l~s its temporaure k not
ddectly dependent en its Arnatiue hi stor, SO it VeqoUirtft a slig htly di ":erent. mat heinat iml
treat int. oi shown below.

By rearrangin 'i Eq. (IL) to obtain the time rate of node tern Ieratore change (dT/dt), and by
separating varialds and inlegrating over the te In nrA fiont to to tw wobtaiii the node reni-

pcratkire change over tinie increment A t by

- t S.+ B.T N t K..

where the so pescrip zero Henwes cond i On at t lie 'old" tiie, to t-\t

Th avm Me of the~ weiad ar oued wto aEw O o h&W nn

"there! = f I + ft - ) 10. Alt bouh f nmay he varied in lie progratn and mnaytakeany va.!te From

Yero to unity, a vAlne of 15 all',- is tid lmte i te most ccurmt e and rew~ds i wable
Snv twv suhas outvide ai eprttrhave "fix ed" or knowni ternperal tires at a given



Nv

j=1

wvhere

-f K,. for j , i

a.. Z K fj - Bifor J i

and

/ NF
b. = M. T.i/L +f (S + z iTj

j=1

+ 0- f FS[ + 8 T + K"., (T' -T')
L1 1 1 j 1 i

For M, = 0, b, reduces to

f S+ K~ K.. Tj)

from Eq. (1), and fI cancel,; out of the cquation.

SOLUTI ON

Temperatiires are determnintd using Fq. (3) and a standard linear-equatior, solv,.irtehnue
In thiS caise tl he Loi Alatno- Scient ific I.aboratur-,-'s (I..-SI,) hriry rout ine L-SS 1a1-use! to s,11%&
the variable tenprtioafter 'tie vnlues of the a anrd h arras-, h,,d been do rm ledBclu~e
many of tie va riablps used to determine the a and b arre 'vs can be functicnis of temperature, u
making thte prcb~orn nwilinear, an iteration loop is provided at each tivie step to obt lin tem:!I
perature deednisweethe temperature determined from the previous time stop is not
satisfactorv. ',>is prohlemn ari~tn pairticularlv for natuiral convect ion (t hermecirculat ion or ! ner-
mosiphont Cun'nection, aInd thlermal radliation ccinnect~ons.

It thre Cle! ntlo u. ; ) ark' Lcor11,11 air eAn111 ' the condlucrinnces, ,ire cons tant -th,? -et

of linear eiutscan 1!o .,ke' at the he,-tinnin, uf the programn run.This ie-,ulti in a svt ofcet
ficitnts l,: L'1c 1 I ht t ie ternp~era tur,-- can then be determined hy

INV
TiF.b. i I 1,M, (4)

1, j
j1

3



where the b arrays are as de,,crihed in I-'q. (').
U:;e ,f t hi, opt ion can reduce cOInptitatior, ime co,i dernal v for m-dnl, with nu me.r,,o:.; rd.,

In PAS()LE, foir sets of F,,15 are calculated - for daytime or ni.ht t Ime ,,e.r1.tin vit h a fixed ur
floating "control n-de" tem perat ure.

CONTROL TEIMPERATUItE

A particular temperature, such as room temaperature, is 1ron0itou'ed by a control nude to main-
tami it wit h nin pr clibel hounds. At pre,.ent, oinly one control node i.t, ntowed. When hi, tem-

peratore is within the prescrithed bounds, the co ntrot rode, is a variable-ternperatire node t:Id no
auxiliary heat source is required. When the control node ternpriture goes heyond a temPeIratIre
hound durins a time increment, the control temperature is fixed at the bound and an .tiiiarv
heat source is calculated to maintain that temper:iture.

M
E = E Ki (T i - T) - Si - B Ti  , (5)

j=1

where T is the fixed bound temperature of the control node. In some models, the thermal con-
ductance value of a connection to the control mide can be varied within certain bounds (such as
for proportional control dampers). This variability reduces or eliminates the need for ;an lux-
iliary heat source to maintain a control node temperature bound.

\Vhen the operating mode of the control node changes during the time step, the time step is
subdivided and two or more calculations are made. Running sums of positive (soircee 'ind
negative (<ink) auxiliary heat sources are made. The s-ink (cc'oliog) calculation is divided -" :-'acr
into "ventilation" ad "auxiliary" cooling, depending on whE.t her the cooling occurs whe! "'e.--ot-
side air temperature is below or abuve the control node upper IjouIrnd temperature.

liunrr , sum.; ako are kept of the total ieatnt into and out of irrdividuoal nodes, the total node

heat source arnd sink other than auixiliary, and total conitectio he-a ilws. For buokkeem z pur.

poses the auxiliary heathlg or cooling of the control node is not cornhined witi any ot',vter soarces
for that node.

TIIERMAL CONNECTIONS

The most cemmon thermal connection is the "UA" type

K.. = Uk Ak , (6)

where I, is Ihe, ocerall i.eat t ra n~er cnetflci-:it fC'r -ornert io IK hetwee: nwles i and j.. id A, i;

the heat transfer area ot' connection k. Ma nv mrteo, hr've i advection connection th it results
from thermocirctlation. The rlebraic form of this connection cinductance de~pends on tire
assumed temperature distrihutitns in the lt.gs of the circ-Alation path and the re!.ation between
the temperatu.oe dkitriiutiom, and the t emioratire of the ride. that represent these legs. A com-
mon example is a "l'ronnire %all collector that has an ivtiton connectiorn hteen the ro,,n arnd
the heated air space between the wall and gr,,hrg. If it i, a-.-.nmed thit the teniperature di~tribti-
tion in the air p.icte is linear, such that tht tir spice nodi, i; at the arithmnetic a:crazeof'tle inlel

4



and outlet temperatures, ind that the roomn air is flIly mixed, the I hernial conductance is given
by N~ p hr , is tint alirtspeii el . the oir tleii.itv, aind \?, is %ue .lumetr~c iir
flow rate. Becaus e the value of ?' dopends tn t he t\eirage air colitnin ternperatUren. the thermnal
conductance is hihl eniperature detpendent ind iterations aro required.

In the example modlel for a Trombe wall, the therniocirclation flow, is calculated by

C d A V ",V T/T (7)

where

C,, is the vent discharg-e coefficient-taken to be O.S,
A, is the area of one ro~v of therrnucirculation vents-top or bottomn (as5sumed to be the same),
g is the acceleration dlue to gravity.
H is the air column heig-ht,
AT is the difference between the average temp~eratures of the wall/glazing air space and the

room behind the wvall, and
Tis the averag-e absolute temperature of the air space.

Equation (7) was derived by considering a driving force caused by the density difference between
the two air columns and a flow resistance from two rows of vents in series, assunim the vents are
the dominant resistance to air flow. The equation must be modified if there is anot hers signi 5cant
flowv resistance, such as that to flow in the wall/glazing air space.

For problems involving one-dimensional tranzient conduction, such as in thick masonry mass
walls, an adequate mnodel can be made using several internal nodes in series, in whiich each niode
has a part of the total mass associated with it, and massless nodes on each surf-ice. The nudes are
connected by appropriate conduction IJA values in the direction of heat flowv. Other sche roes in
which each node has, some miass associated with it may also give good results.

INS OLATrION

Any nude may have severail ,olar beat sources w,%ith various insolation areas. glazing tilts and
az.imuths, number and thlickness of glazings, and solar ahs ,orptivites. In some cases, the ap-
plicable external insolation is read directly from the weather data file; in other cas;es, tile weather
data insolation is for a horizontal surface and a correction to the insulator orientation is required.
Also required ore es! izinates of reflectedl insolation and glazing- transmission. The equations used
to determine the insrolation on an internal solar collector surflace are given in A\ppendix A (mocst
of thle equations are from Ref. 1). The solar sources are added to other heat. sources that have
been specified for that node. The solar source for node i is calculated by

S QTRAN.AGLZ*PALFA ,(S

where QTR..N Is the solar flux transmitted through the glamzin 'i, :\CLY is thle area of obsorbing
surface associated with node i, and ALFA is the zolar ab. orhtivity oif the s-urface. Solair radiationl

not absorbed by the surface is assutmed to be lost; that is, internal reflvctions are nor acounted
for.

In the present PASOI.E modlel, Fglazingi of the primary solar source are represented by nodes.
These nodes tire given heat sotircus equal to the- solar radiation ah~orbed by the glaz7ing'. The
miodel could be exp~incled to allow for heat soumrcC nodes in the glazings of all solar Snources.



Because temperaiture is the Jprimarv dependent variahlej, it i, tint convenient to handfle lh.it *ot.
fusion as an j othermoal enthalpy change. Prol eni.s involving i-catematerials havce tn
s-olved by rcpre.seiting t he heat-ot'-fusion is an icrea~e in heat ca pacity over a given temr
perature range (if atbout 10 to 20'C. Fur t lite! problem, the heat capacitance! hecome a
toinperature-dependent parameter.

PRUOGRA.M STRUCTURE

P:\SOLb cons~ists of :i main prrigrarn, seven subroutinles, and.t one funI ctionI (Fig . 1). All hult
one (CO LLECT) of the suibroutines are called di rtctly by the main program. fit idciltiori to the
P:\SOLE Su~broutines;, several routines in the LASL computer library also ate called 1w the main
p) rug r a tit.

Three time step looips are set up in the main program. Thie ouiter loop advances the month. the
next loo)p advances the day of the mionth, anld the inner loop advances the basic time
step-usually I h. Another loop inside the inner lime step luoop is used t'Or it erations. i eurd
for temperature dI.-pendence of zhe coetticients. Cutfdiicients a, and b, of Eq. (3) are computed in-
side the iteration loop. Equation (M) is solved uin- the LASL library routtine ISS, or thet te:n*
peratures, are determined directly by solving Eq. (-4). If any oft he calculated node temnperaiturc-
deviate from t heic previouis iteration value (or frml the [previousI time step, if the first izeraitionf

bvmore than the specified vnlite of TOMl' another iteration) is Made usin- the calculated rtm*
perattires as the new values. Tile iteratiun prot es., continues until conaverg-eoce is ieachea or mi.n:
FIX\IAX iteratio ns have bteen !itide. lf convergence is not, reached t he run is not stopped. Ii: the
oultput coutnter KtIRis advaiicedl by onie.

If the control node chonees? o pera! ing molde (from fixed to variable temperature, or vice verA)
during aj timre step, the basic timie.step is divided into two or miore smaller time steps, hutt no tiew\
solar/weather data are obt ained.

At the end of each time step, heat nlow sums are updated, viriab!es are set for the next titue
step, and fillm file variales Lire ,et if _,ra 'phic output is to be ob~tained. After all the time step
looips are completed, the sumnmary oultpuLt is made. For paramietric stutdies the entire pragram: is
put in a "prublto' loop, in which specific 1,;irameters are varied.

SUBROUTINTS

The data required to run the prtib!ein and the parameters (Appendix R) thit describe the
niodel st ructture are set in stibroittine I NDATA . We also couldl utse INI)ATA. to read dat a froml
cards nr from another ile. A!l datai written into IND*T.- ire given In FORRN.Ecpfoa

block of default vilties at the ieiioI NDAl'- probabtly would be changed comipletely for
e.-ch d itferent. iodr-1.

Pirtliminary cailculaitions are done in subroutine PRIMTE, using the dat a so ppiied 'in IND.\T.
Includedl in the-c calculations aire tile uetngtp of arravs of fixed - and I inte erur
nodes and t he dt ermination oif the coeft icien ts Fo of Eq. (.1), if applicable.

Subroutine BA) IX*, is Called onVe each time throuigh the thy' loop. H ere, the dalily' weather
data are read frontI a at file or are calctilatvd. lnit ddition, lthe solar declination and ex-
traitvr7C'tri di ttrrtoal solar flux art, comunited Cor the cuirrent lay. \Vea IIer daita required are the

6
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DO lij nc 7.-L
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STOP

Fig. i.

PASOLL' rntin program.



t anl soilar raditation f'lux onl a !anuwn tilt C Q I- I) and thle anibitcot air t emperature (TAD) .Ak i~
11ctji is til h~wilA vtlocitv IfE .2) I ter .rt: flxed -tcuflipratire nodes other thanit tile out.-ie

aiihient, f)A \l,Y is a con venient place to enter the tern perm tire dla for hest-e nocdes. 1~cI J,

dva hroat a f'orrats are different, thizs subroutine probably wvill have to he adapted to the ,-
i;CUlar data set being uisedl.

SUNSRC calculates the heat sources from solar radiation alisorption. Most of the equations in
A\ppendix A are solved by SIJNSRC. If the solAT raiation mneazuremnents, reatl in DA %Y tr-! nor
taken on the horizontal plaine, thle subrutinie COLLECT is called. COLLECT solves thle tA

correlation backwards; that ii, it ohtainib the ecuivalent. total horizontal radliation from -he _,:%en
measured radiat ion, the tilt (TILTC, and az itnuth (:\ZIMC) of thle niea-nrim n ur;JCe Mio t he
a. ;umred -uos round reflectance (IMl-OC pert aining to thc mTeiasort:nent. 'The computedi
total horizoot . radiation is then us~ed to prrice-d wihth aluatos.1ferent optical Vstrn.,;
than those assumned here (for example, one with internal reflection-i) would require changeb iii

SUNSRC.
Model strticture parameters thiat should be furnislhed by INDATA, hut that are temnperature

and/or time dependent, art, calculated in subroutine PROP, which is inside the te-mperature
iterat inn loop. lPEOP is called just before thr solution of Eq. (3) for node ternportitures is; ob-
tainied. This subroutine, like INDAI'A, probably will require chang-es For each different mudei.

Subroutine CONTROL dettermnines whethcra.ichang-e has taken ptlace in the operatng- modxe of
the Control nodle. If a chainge hai t-aen p ,ce thie flags KICHNt, andi KIC are set, the fixed and
variable node number arrays are adju.;ted, the timne at which the node change occurs is deter.
mined, and temperatures at this timie are calculated by linear interpolation. A new time incre-
ment is th~en determined for the remainder of the orig-inal time increment.

Descriptions, of the variables found in the common block's arc given in Apptndix C.

compuTiER sysTEM- REQUIREMENTS

MNos-t of the LAST. library routines, such as DATEI, CI.OCK1, LSS. SPLOT, PLOT , and

DLC11 . wil hnve to be replatced by local oqoivaica-ts. DATF1 andi C LOC~I , 'vic. aret return
real date and timie valujes for cut put, could ice eliminated. SP1'LOT, PLOT, ind Dl CH .re uwed
to make SC-4020 CRT' [des for c-raphic Oo tpot. Hfno eqJuivadlt routines exist or ifgraphic output
is not reqtlred, th1at e o of 11-e program may3. alsol.be elimninated. The routine LSS, cald fromn
the main prog-ram and from tihe iihrokiine PIMIR, is u-sed to solve the -et of linear equations,
EFt. (31, for thie T,'. g-iven the coetfficients a', anid b, Any computer fncilihv of rea_,onahle size
Should have sot: viire equlivjlent to .S.

l'\S;OLF' reqti;-res a 1*ield lecath of 5i7 000 octal words for comipilation anid 122 Ot.YJ octal wvords
at execution in~cluding all ULra,%v rokitints. No ntteilplt han; Iwen 7rade to minimnize the core-
mnetmory. Tfhe problemns shown a~ Appendix F atnd in 17-s. 2 anid 3 req~uire I to 5 muin of C11 time
on1 a1 CDC 6600O, or a hooit I moin onl a CDIC ft') or ii yearly calculmtion. V.sing- the linearized
method~ oif 1-q. (. the? executitin timne I., redLuCied to abu~tt I.5 min on a CDlC (60u0.

The loaders tted at I.ASL atitonwodcally (clear the registers, a feature used in PASOLE
prta in.Nt dl con Outer -;v;teLfl, :irt t tip I1i, w-av. So it miay b, ntcr--"ar '' Tn.t;

Spccial provision, to) clear the re~ikters. 'Tht-re are other difference, btween thle CDC FORTFUN
and other comiputer ;Ystems, such as inultiple replacement ;tatementsi ind packtd FO-RRAN.
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Fig. 2.

Water wall model uith ma~sie exter:cr wall (K3WALL = 1, NSGW = 2).
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Fig. 3.
Masonry wall model (KIVALL = 2. NSGW = 0).

MODELING RESTRICTIONS

For simulations in the southern hemiaphere, changes to the solar angle and time equations are
required. There are no restrictions on initial temperature conditions, but a small heat balmnce
error will be observed if the initial temperatures are not in equilibrium. The initial value of the
ambient termperatur9(.i ii set to t.,,, fir,;t wether data values in SUN;RC.

The number of non!es ,is now linit'd to 510 becau se of dinmen: ions. It* more detail is ;equ ired. k

different type of simulation program pro bably %kuild he better SLite. The cormpiter time re-
quired is apparoximately proportional to the bqt.Lre of the number ot n,des. A model with :20
nodes takes about 40 ri n of C'P ti ne on the CDC G,;,)0 for a yearly hour-by,-hour calcu!,ition. This
time could be reduced consider.bly, however, if the linearized c:Iculational procemtire, Eq. (4),
could be tied.
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VEXA M~ P 11 1. ) Nl0) ".:L s

Bluil t into suhroc i ne,; IN D.\1' aid PROP~ of e IpaJitent lPASKY I . rskionare two tyvpes of
south-iia-%jll (SNMWA) pa eso'Lar ieitirg yw~bn4: (1) W'ater =1 in which the ba~.nail
storage mid 311 0i htr o, al! are a.,unIrr-d to he isothermnal and, t hertd*ftr, representable by a single
node, antI (2) Tromie- wa~ll, ia .,hiuh rhe trnn~ivnt condluct ion thbrouigh the SMW\ is mode~ed 1I
several 0 ldeb in we. a~su inx dog heat Oy is mie di :netisiuntal F:Ures 2 and3: show the ther-
mal netwak rppresent atin of zhe-c two types of SN\V\ em.W,111 tyvpe is Selected by set t nit
tho flagt N'"VALI.L to 1 fort % witecr v.a i and to 2 for a ['unh wal Thermocirculat iof otrm air
froi *!ie wil, gga~'ng air spce into the interior space in cuntrolled bi he IQa IKVENT, which is
sot to 0 ATr no thirrmocirsulat in, Io on Inntedl thermnocireuat iou, 2 hor backd raft preven ti'
and 4 for thermcniatic coatril cX the air Qho. Ile tititibr 0 glah/nt my be aried bQ chactgine
the N(L[ Value. 'nle- numhe-r ri seginew in the 7IrOmuow~d Woe ni" varied by cnan-g Q
NSEG value.

The basic models have heat capactarce a5~0Ciitel only with the S%[Ws. However, if the
parnmeter NSGV is nwuo, an additional hat flow' path im modeil through NSG \V egrnrnts
of a mu a."iv external " ad, as shcown in Fig. 2. 'nib5 unei znemionalI heat fliow path, like that
through the Trom be wvall in Mig. 3, consists of mevera I internal node~s that have the wall mas
associ~tedt with them aimlrnaIes , nodes on the sai""aces.

Parameters peculiar tntt hse riclels and usednk' in INDATA and PROP are explained in the

the set of dtefault values for variots ISProgram Variabl0. Here, program n ariabes are defined a-;
those set umin l)ATAX andl PROP that are needed to run the program--largely tla.oe listed in A'p-
penidix A. "Model P~tranrery rsae defined as those Uiedsritly in I NDATA an(d PROP toset up~
he specific moidel, that iK to calculate values of whe program variabls.

:\fter default values are set. the specific nindel pmograrmingbegins, with the set t ig o values
for theirindel parancerera. Tne~e valcsaie moqt ofteni changed% when ukiogpme icS~ce
vwill O.le nue.More to'>) imye rs are set further dlown for each Wal type. Y'rogramn con-
nection paratne ro and Wce pn i metyvs tHen real nared using a tact hcdoogy developd ffor
those nudvi. Ne ,% Cni:Aamts u~ed in PROP to evaluate ternperatte -depenEnrt conduictanceh
are calculAed.

The optional ma ssive exterior %will is mnrleled for NSGWN > 0 by adding nodes and connections
to those stet above. Next ka sectian fOr I immarizhmg thle oto' Il cornpletel;, if so desired. by
calculating ecti'.e omn.t conduct ances for all connectitons. This I i-art ation must bQ done
if the tinmpliliecl calculuito (KCALC -21 mrthud is to be ulSfd, as explainedi in PRIME.

1% prltvts;om for an out :utc i n:u!,ition node on h le SM''i used mosto yfrn nonghmzed somrh wall
calculat irmns. 1Finally, ain otut o: hnr in i, mde for tmany of the iudel pacnameters mid resulting
proiramn varibles.

In Su~broutine P RO Pthe vournetrnc thermocirculat ion flow rate is etlculated forE1VENT non-
zero uing ip the mv:tY calculated to mperatures, ate which coonduct ances based on this flow
rate are cornpited. Rnliit tn and COnVVctctl LuonlwLce Cs between glazings, wall, air space,
and outsie air are calctiat ed ayiin u~i g t le temperaltires obtained from the llrovitons itera-
* On. Th tINt errion (it %0Rt i, ahi~ cabcculate- ',Iur t jirogramn varitablez; U, GONE), anid
SCON, sho uldi bt! retidned regardl ens of the moldel clmwen, 10yen when aill conductanies arm con-
ownit, thte, lant ealci:latiitrs ire inadie in PROP. ()iiy the night (UN)l and lay (UI) values of
coO(uaictaC ore set bef'ore these last Calculations are niade.

10



SAMPLE OUTPUT

Appendix 17 shows oLutpu't li.Stingls obtained from running the Appendix D program with the
specific model parameters of Fiots. 2 and 3 and ut-Ing Los Alamo.; w e;ther dat a hezi ani t

teniber 1, 1972. Thu first line of each listing- in Appendix E gives real time and (late. amd ther
second line gives the model starting daite. Parameterva1lueS given for "conductance c-onnections'
are connect ion number J1; node numnbers II and 12 (11 CON and I2CON I connected by connec:t in
J, and UD da)and UN (night) values of conductance inl 13u/11ci-ClA citnsi~tent with -\WO..
wvhich is the connection heat transfer are pe unt5WgaIgae.lst eto ncn

nection .1 is fromn node 11 to node 12. Some of the concluctanices are shown as zero in t he iin.
The zero value usually means that the conductances are temperature-dependent and have not
been calculated in INDATA.

Ambient temperature nod e and solar heat source information is given next. Following that is a
block of integers and a block of real variables, w.hich are a combination of program v'aria1hies 3nd
model parameters whose namies correspond to thu~e dlefined in A\ppendixes 13, C. and D. Except
for the first line in the listings, the information is generated in INDAT.. when the flag- KHEDPR
is nonzero.

The summary table, always generated at the end of the probiern in the -iain prog71M, Z*Ves.,

monthly totals.

DEGIDAY -heating degree days
QOIJT -heat loss back through SNIWV glazing,
QHEAT -auxiliary heat required by the control node
QCOOL, total cooling required by the control nocle
QSOI.AR solar radiation Absorbed in primary solar source
QLOAf) building lheat load for other thtan 5MW
QACL -aixiliary cooling required
QSINC solar radiation incident on glIazing- of SMWN
PCTSOL -percentage of solar heaiting defined by 1'CTSOL. 1000 (-QHfEAT,'QLOAD).

Hfeadings given in the s;ummrary table are NITINI £: total number of basic time increments; (hours
in this case)-, NsTrEP: total nmber of t: me st upS calculated; NC:\l.C: totA nutnber of !em-
perature solutions (i ocludi: uj iteraitions,); and IKERR: nunmher of cnvergence failu res.

If IPRS NI is nonzero, tales of the ipdvividuil to ide and connect ion heat flow soms are printed.
These Su~ms are clefi ned in Appendix C. Heat flows_, atre given in fti t2 of S.MW glazing.

In addition to the printvd output. gr-iphic outout can lie litlitied using 1.ASI. libraryv routines.
Graphic output is g-enerated starting when DATE is equol to 101 throu-th the day "l ,Fore Ex-.L'i
amples of plots for the mnodel oif Fig,. 3 are shown m A\ppendix E (Fig-s. E- 1 and C-2) fr the Xlnme
Los Alaio, weather data a., ahove, Decembher31, 1972, thlrough1 JanuarY Gi, 1973: (101 = 121 172.
102 = 1077.",. Figure I3-1 showsV the ti me Nariat ion of the temperatures of indes 1, 0, 8, and 7.
Figure C-2 shows the rate of solair radiation absorption in node 1 (the prinnary solar heat souirce.,
the rate of hieat flow t broutih connection q~ (thie 1:eat load). thle total heat flow in to the -m
through connectioils 7and 9, a11d the u oal heat 1(1,ttrain1 the stith bide thru.gh ci 'noect ions I
and 11.

Further results (ibtained using P.\SOL.E may be found in Refs .3 and .1.
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Tlhe iden for a simulation pruzrain of this type was .1. D ft Bakorns. J. C. I Itdstrom v~t~a
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xanced EdUCaIt ionI, Robert .lonts of thle L'nive-rsItv 4f Sout h Daklota, and \Viliam WVray of LAS L
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APPE"NDIX A
EQUAT'IONS FOR SOr.AR1 RA;DIATION

1. Solair (lcliflatir-fnde
DEC = 23.279) co-; [ 20 (Na) - I + DAY/.'2 - 5.-,)1.
wlivre MI0 =- nonth of year (MO 0 G fr Juno-, etc.) ind
DAY -r d1iY of monith.

2. Fxt rattrrce ti alnomlolrrdaon
QSP = Al -A2 - sin L'360 -(2721 I+ DY,%I
whlere Al 12 .98, A 2 = 1:.0fur QSP in 1:olf 2

Al = 1340.1, A2 = 412.56 for QSP in \V/cn, andi

rDAY =daiy of year.

3. Equation of Lii- (i-oT) k~ given in Iabidar form, one value per month (min)

MO 1 2 3 4 5 G

M0 7 9 9 10 11 12
KOT -602 -2.4 7.51 15.1 13,.8 1.6

f(Cur~ At ufk it hr I ~ J C I I f, trorn.
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4. Suir time (!0
StNlITME= TIME - FOT/60 - l)LONG/i5 - 0.5,
where '171MK = local iankdird time, and
U1.ONG = &te.-nce bet .e 'n local lungitude and standard time meridlian(d..
(0,5 is ;ubtracted whn insulati:on doit-a are avero-gec over the preceding hour.)

5. 1101r.1n17 (de-)
HR '- 15 - (12 -SUNTIMIE)

G. Critical hoiur angile (,our angle for which sAir azimuth is 90')
COSt URCRITt TAN (DF.C)/TA.N(LAT)
with con,,traint that 0 ! COS(HRCI1T) 5 1.

7. Sun al,.tk!(e (deg-)
SIN(AIT) COS(L\TI -COS (DEC) -COS (HR) + SIN(LAT) SIN(DEC),
where LAT aiue(e)

S. Skin azimnuth (de"')
SIN'AZU) = C0OS-DFC-INRI )tOSALT)
AZV wvill alwa.ys, lie hetwe.-n -90' and ,O'
TPO find~ th tnie va-A of the azimuth, AZINI
If IR Ifl :S IRCR-1IT, A71\l AZI', and
if I HR > HRCIIT, .ZI= (1-0- I AZI) *AZI',AZI'I.

9. Boes correlation' fcr d:.ect normial and dci'ise raiation measurements
(a) PP1= Q~Ij!SP-IN(.T1,

where QHu i-; tt. ioui ntjl rda n
(b) FQEJN - _PP - 0.5with contraint

that 0 FQI)\ 1.0.
(c) QDN =FQJN-QDNMIAX,

where QDN = drect normal radiation and
QDNNIAX =GC =Vm 117.2 lltuj'h-ft2 .

(d) QDIF =QH- -cNSINALT>,

%vhere QD!F' s'Ay ciifu~r raia~tion.

10. Wal/.oiar azimuth (cdeg)
GAM AZMI - 1AI
where WVAZI is the wyall azinmuth; 0 %vhtn facing south and positive when facing east orsouth.

11. Wall/solar angle of incidence (deg)
COS(INC) = CO'-tALT) -SI N)PILT, -COS (GAM) + SIN :\IT) C03(TILT). whiere TILT
is wall tilt !romr~zn i ls to;'e vird szot'h iind 0 ; INC, :500

12. Radiation incideont on wvall from specular reflector. The tquation, ar? only for a liori7onnl
reflcor adjaict-nt to a ,erticad wall. East-west dimnrions of %will and re-flector assutmed
equial. See lso 1 uty I .
(a) iL F .-- C0OS((;.\M)frAN(AI.T).

It m~~~~> F:LNC;Tl RLEFF is set equial to]ILNGTII. where U(NGTH- i.. the ratio of
tile reflector len !tli tN-S) to t he %%all height.

13



(h) l)%WOW LF'INGN)/S T wheu Asi'RATr is the ratio (if the reflector
vvidth (E.W) to its lengtLh (N -S).

(c) ASR= RIIEFI7-(1 .DWOW,'2) if DWO\V : 1,
ASR =.3-ASPI-\rATTAN(GAM%) if DVO\V > 1.

(d) QINSR = QDNA:SR-RHOS R-SIN (ALT), where QINSR = reflected radiation incident
on wall, RHOSR = reflectivity of refletuor.

13. Shading fromn overhangnl t

AFACT is the ratio of direct normal radiaition incident on wvall w ith overhang to that without
overhang- (Fig. A-1).
AFAUCT = I - [O0HANG -TAN (BFFF) - OSEPRI/LSIN(TILT) + COStTILT)
-TAN (I3EFF)i
Constrained: 0) : AFACT 5 1, where TA'N(BFFF) 'rA.N(AL1T)/'COS(GAMI)

B

0 i iANk.'G B/ A
OSEPR C/A

Glazing
TILT A

Fig,. A-I1.
Ovcrhar., geomnetry.

14. Total radiation incident on wvall (collector)
QINC QINDN -,QINSR + QINDI' + QINRF.
(a) QINDN is inciderit direct radiation

QINDN = QDI3N-AF..CT-COS(INC).

(b)) QIN R is incident reflected direc:t radiation (ice item 12.
(c) Q I N ') i s incident sky diffusie riidij1tiun

QINDF = QI)IF-[1 + COS (TIL'1)1/2
(assiiming- infinite horizon).

(di) QINRFl is incident rcflected diffu~e-includvs ditfu-;e ground reflection with infinite
horiam a nd spec- a r reflect on of skyV dilCase radi at ion.
QINRF- H'H O5 COSC111.111 - CSRW + 1D1FFCSRR.HOSR,
where RHOIC = diffuse ground reflectivity, FCS-R = viewv factor between wal11 and
SpeCuL'.r rp&Thctor.
For t his reflector niodel (see item 13)
FCSR = 0.5 (RI.NGTII + 1 I L~Il ) approximately.

tA\..-tinied to he. wiriwpin E.\V dim,,i~ Ow end-:ect..



15. Transrni,sion thruoli glazings
QTRAN = [ tQININ + ()INS) IO'IU\NS-CLARS + (QINDF + (QlNRl') -

(a) TYRANS = transmlission re~ultin.- from surface reflect ion losses only
TRANS = 0.35C'I + r2),
where Tri = (I - RI )/'[1 ± RI.(2 -NGI. - IM ,

'172 = (0 - 121,'[1 + R21(2-N(;L - 1)1,
RI = [SIN(INC - .-\E/S1NIINC + AREFIP-,
R2 = fT:\N(INC -ARFv)/ANk1NC + AREF)F
SIN(AREF) = S1NIINCVR1INDE-X,
N(;L = number of .,Lizmn-s in soreand
RINDEX = refractive index of g!azinig surfaces.

(b) GLABS =transmission resulting from absorpi ion in the glazings onlyt
GLASS EXiPI-N*GZN(LCSRF
where EX =glazing- material extinction Ceft'icienr, and
TGI.Z =thickness of one g!azin4 layer.

(c) TRCOA'r = transmi.,sion of one glazing coating.
(d) TRANS and (;l.A\BS are for direct or beam radiation. .An approximation ro the

tranzaiission for diffuise radiation (DFTRANS and DC LAD3S) is found by setting the
ang-le of incidence (INC) to 6~0' in (0) and (ii) above.

tThe vari.,hle GLABS in% \t.prndix 1) is trtnsiosn ior a sinc,!e g!azin2 lner

APPENDIX B
BASIC INPUT DATA

The basic input ~itat must be entered into the program by the ]ND).-\TAk and PROP suh-
routines. Somne parameters have i:enlySet de1faUlt" Value a 'Shirwn in bracket,). U-ze of -lie
units mLost be cons~i-tenmt; either ASIlR..\E uits (Bitu. ft, h, 'F) or S.I. units (W. mr. s, 'C) may h
used with no signi 'icant c!anges. Frtcquent , many 1%of the riotl a1ae OitI IIedC f7Wnn other inp'
data in t he subrot t,Le IN D.TA, which is execu ted at the bea~nn nZ oif t oaolIen. Solne (.! nil
data (Such as U v lues) ma \ ar\ during the trh In n this caie the data are rocdenulated in
the subroutine PR0l), winhch is within the tine and iterit'l in0oo5.

(A) Nudes (0)-1 values not necL-ss:iri I: contiguous, but max I rrulst be S NM.XX, \%hich is
currently 50.
I(F(I: 0 for no node

I for varioble-temnpera!ture node [01
2 for fixed temperat tire ncde

T(I): Node tinperzture-init ial valuies mu,.st be specified for all nodies. For
Lxed~t~n~t~atu~ens TO) wit it. 11t ,!)eCiird t.r al: tinie sitlj,

CP\%I(I): Mash~tCapacity 1lhoat calma).cit once, MI in Eq. 1
SMi IHeat. source = SOi) + S11 LI) -TM.i
S I'MI See Eq. (1)

(B) Connect ion,; (.)-J v'altiv. shiould be contiguous starting with 1.
NCO NN: No iii herif cmin.ctions (JIs)
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11 C'ON (-T) Node-, cornnected 1by t herm'al connect ion J5
12CON(.)I
U[D(.) Day and night specific condluctance
UN(. ) values of connection
ACON(J): Heat flow area of connection

U(.J) is set to UD(J), if TNIORN < TIE< TEVEN; UN(.I) otherwvi-e!.
Then the conductance is COND (11,12) =U(-!) ACON(.J),
where 11=1lCON(J), 12 = I2CON(J).

(C) Solar heat SOUrCes-
NJS: Nutmber of solar heat source,
ISO I'M.J: Node numiber of solar heat sourceJ
TILT(J): Collector tilt angle from h orizontal for solar heat source J Wdeg)
WVAZIM.%(J): Collector %val azimuth of sou~ce I5 (deg-)
ALFA(.J): Receiver solar aas;or-,tivitv for source J
AGL-Z(J): Glazin,7 area for Souirce J5
NGLZkJ): Number of g-lazinos. in ,eries for source J
OHANG(J): Overhang divicied by gl1azing ht-ight (zzee Fig. A-1)
OSrPRO.): Overhang vertical separation divaided by glazing height (,;Pe Fig. A-1)
TGLZ(J): Glazing thiick-ness (feet or mneter per layer)
DAPS(.J): Glazing diftuLse aibsorptivity per layer

(D) Amnbient temperature nodes
N.JA: Number of ambient temperaiture nodes
1IMB (J): Node numbier of .5th ambhient tempe:rature node

(E) Irltegors
IC: Node number of control node
I D P FRAR: Numb.,r of days per year[31
INDArFE: Initial (late fur whiich calcait ions start-of form' IMDDYY,

%vhere %IMN is mouth, DDV is d~ay of :-.,,nth, YY is yeatr
1011 Be-inining- and ending (bites of hourly 1,rot. and
102-) film plots (02 is d.iy after las t d~ay) [01
IPPSNI: Nonzero for print of all heat 10irnv SIJIIS 101
~FNIAX: %l3Xi mumr nurmber of itecrat ions per time ste~p[1
KA\t CL: =0 for no auxiliary coolingl ("ihat is, no coolint.

when TANIB > TCNIAX) [11
;4 0 for auxiliary coolingf

KCAI.C: 1 for standard solution [Eq. (3)]
2 for simplified solution [Eq. (41)1 1
see comments iii PRIMIE

I'CONU: 0 for variable condiActances
I for cons;tant conclucta ice-3 (0]
see conimenti in PRIMIE

KCTY: Flag for weather data format ksea sublroutine DAYLY)
EDATA: = 0 for daily data (ambient temperature, wvind velocity,

solar radiation) read from tape (TAFEI)
0 0 ftor data from other source [01
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K D ELT: 0 fcr no (udii iof biizic time increment

$0 bt andatrd 5llvdn
see c.'ninnts in IUP.Ni K

K'FILMI: 0 !'(r no film loti (01
KHKDPR: 0 film phuts IDTAifr'to

KHED~~q: 0 for nio printwou NAAinomto

$0 print
NIOSI ~ ~ ni and ending months of sumnmer period
NIOSH-2 when night insulation operati on is, reve-rsed 1.,

NDAI Number of sCeluentil dailv calculations if < NDAY (1,O() (
NDAY(NID): Number (A ilavs ir. mionth MO L et in (lat

statement-it IDPEI:kYR - 3jGt, NDAY 2) ;, re-,et to 29!
NHO0URP: Nuinber of tim~e incremernnts on each film plot framie [16C8)
NNIAN: 'Max number if nodles, that is, di mensioni (501
IN % 1: Number of successive month-ly calculations
NTlI E: Number of time increments per day: A t = t /NT I F,

where -It is time increment leng-th jn(i t is totA number o? ti:me

uinits per day (DE.LP'1 and TPERDAY) [241
PRINTD: 0 no daily print 101

d 0 da'ily print
PRINTH: =0 no horyprint [01

" 0 hourly print
P RINT.% : =0 no moat"hlv print [01

e 0 nmintbly print
UNITS: 1: Btu, h, it, 'F (ASHRAE iunits) [i1

=2: J, s, m, 'C (8.1. units )

(F) Reail vnii.a"le,

A-;-!)1tATF: Spec!:iur rzrC--or aI tritio) (E.'V to N-S)
AZINIC: P'VrX 1, !:'t!er 7 'mu 1i " (d el [01
DLONG: I:cilI2t' n'inki stanida-rd time merid~in ((e'-)
EX: it~ rioC'i' of gai::gnarerial tv c6.
FA C: I ial ;i>. (-"I) 101
F A C Same "t, FAC "Or hc it flow iuitk-,jls 10-.7d
FCS R: \'iew ficor btsenc o'ct:or in,! -:cuLir reector C

D lN% IA~ X: Nhx l od ect nirmril inz(1lai on in ret'

crlijnfor neai-ired (liaIt/iior
for UNITS =1, I'M"I for LNITS =21

Q HCO NV: Conversion faictor fromn weatlher datai insolation
QIC U T: Value of incident so.-lar rad~at ion belr,w which nit-'nt

insul.i in is ippl*-. [-I x io'1
1) 1 (NL.): Pfl~tletance . a1':o fo)r \12L. glznsin sterie, 'or

diffi. e rmdiation 0.16., 0.2t, (0.29, 0.:13 0.:21)

RESNI: lRcsi't :IOce ot ni'h in.. !.auun on colltector'F'iti-f(
or

RHO: IDiffu~e relciiyof grou,,nd or othler C'(ternill reflec-or 01
RIi 1OC': Sa in,. for jlyranotnot er" [0.31

t~i.t't int'o...n ii noli - T!.\M ' ITVEN' in f;~ - TMOR-N :hr \s or .r:.
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R 1-JSR: Refipetivity of specuL ir ref'!ector 101
fU N u)i-.x: Refractive index (if g-lazingi [1.I
RLNGOTN: Specular reilector lengoth (N'.S) divided by :-!:111ttg 1j!jh

SBCON: S tefan -Boltz mnorm constant (1.712 2 x 10- 1Io .P~'
or 5.67 x 10' Wh/n-'C')

TBASE: Base temperature for htting dlegr.'odays (G6'F cr 'C
TICIAXD : 'Ma~x albjwahule coot rol rwile ternperature for chiv
TCMAXN: Max allowable control nuode ttmperature for night
TCNI [ND: Min allowable control node temperature for di 'y ('F or C
TC %I INN: Min allowable conit-ol node! temperature for nighlt. ( 'F or C
TEVEN: Time at which 'night" starts [17 1.1
TILTC: Tilt of pyranometer" (dvegree from horizontal) 10!
TMORN: Time at which 'daytime"' starts [7hI

TO LT: Tolerance on temperature iteration (*I' or 'C) [1.01
TPERDAY: Number of time units per day [2-1 h/day or M 400 s/clayl
TRCOAT: Transmission of coatingl on inner surface of

inner collector glazing- (1.01
TZERO: Difference het'.veonIr zero and absolute zero on

tcm perature scales [460'1- or 27ti*C[
fl-' nnmt r for h xh % eitwer d .j in ulat 00 ik givenl.

A11PENDIX C I
PARAMETERS IIN COMMON

All piaramters ini Appendix 11' are al<.o int COMIMON. St :rred prameters must be Zevnerlqtedi
in DAYLY wathrdata). Routines in brac:keti are where larametor is caculotedc.

A(1..J) Tetmperature coefFicienits in Eql. (3) IMAINI
Pc 1) Source t orrs in Eq. (3) I MAIN
COND WIJ) COnduICtan2e of conieutico betweoen nodes I and J

]N, in Eq. (1) fIIOPI
COSDFEC COSBECI(1 [DAYLY I
COSLAT COS(ALAT) [PiIME]
COSTC COS(IElICI PU E
DATE Integer date (if sanie form as INDA'Pr,

(see Appetndix B3) [DAYI.Yj
DAY Index of day loop in tttain prograrn

(integ-er day~ oif ntont hI [NI AIN]
DAY1 Fir,;( day in day' loop (in teger) .IMAINI
DAY2 Last da"- in daty loop (integer) [MAI N]
D D I Icain.g degree clays [DAYIXI
D)EC Solar declination (dog) [ DA YLY
1) EG I-\D HIASO-cortversinn fromn degrees to radians [MIAIN]
DEILT Current t ime inc rement [.I: IN
1) E:LTI Basic timeo inicremtent[P ME



ERRT(I) Deviation of node teniperature between
succv: savt iterations INN

FD(I,, 1K) Coctiicient. , ' in Eq. (4) for "day" and "nig~ht"
[K = 1 for WC a vnrialle-tellpjeratUrU node(!; [K = 2 for IC [PRzIEl

FN (1,J [K) a fixc-d- ernporature nude
FRAC Fraction oft I)FL ,,; snct: beg-inning- of tme increment

or ljit control nutde chang~e [CONTROI
FSCC Viewv factur bet% wee-n ;prat)Iyeter antd grouind lI'HINI [-
FSSC Vi ew% fa c tcr b et e en [t ra tI I IIt-!ter a nd sk11Y 1 I , IMF
fI R CR iT Hour angle at which azimuth is 1,O0 [DA YLY!
IAIRt (For SIWV models) node 11.nmber of air in

glazinghyall space INDATA
IDAY Da y o f y ea r [PIIE,"I A I
INDAY Initial day/ of month (fromi INMATE) [PRINIC
ISOLX(IH)* Weather clata timne off-set [DAYLY]

(see equation for SUNTINIE in Appendix D,
su~broutineL SUNS;RC)

ITIMFE Index of time Increment loon IN A I N
I XPI L.%I Index of film plot arrays IN I
IAIRt Number of' connection between lAIR and IC IINDA-rA]
J CPt Connecction number of nonimass-associated load ILIN DATA I
JCmt Connection number of mas;s-ass-ociated load [INDATAI
J WA' Connection number between mass-wall surfaIce node

and IAIR. This is .he first in a sequence of
connections from the wvall through the glazings to
which gi~rgconCLuctance ca lculations are keyed [INDAT:\I

1KCOOL = 0 for no tigaht instlit ion
= 1 for winiter operation

=-1 for summer operation [MIAIN]
(see MOSHI, MOSH2 in Appendix 13)

1KIc Control nod(e mtode indicator
-1 for T(IC) at T1CMIN limit, QCIN > 0
0 for T1CNIIN < T(KC) < 'FCMAX. QCIN = )[CONTROL!1

* 1 for iat '1CM AX limit, QCI N < 0
* 2 for T(iC) lixt-d for all time (TC.MIND TCMNAXD.
TCMI1NN = TCNIAXN) [PRI%1IE]

IKICHNG = 0 for no itode change [CONi'RUI.
= for mnode change

KND = 1 for night,
= 2 for da ,y (TNIORN < TIMEX < TE\'EN) IMAINI

IKSHUT = IKCOOI. for night 1(MAINI

= -KCOOI, for nay
Night Mino ion is ubtd if IKSH 17 = + I

K VENT' = 0 for no thermocircuiati~m
I for unlimited theri:iocircu i~ttion [IND.VAA
2 for t hernmoirculat ion with backdraift tlarpers
1 for t hermocircula ton withI thIeriosta tic cont rol

tt'or SMW m,,t&e!



KWA LL - I for water wall model INDATA I
- 2 for Tromhe wall. model

LF(I F) Array of fixed-temperature nodes !PlIM ElI
1,0I'(l,11 Array of all nodes [IHIMEI
LV(OV) Array of variable-temperature nodes (Pi.\LEI
MO Current month number (.I 1 for January, etc.)

The month loop index is MONTI, which always
goes from I to NNIO fMAINI

INOI Initial value of .MO, from INDATE [PRLEI
N'ITIME Number of basic rime increments from heginning

of problem MA-N]
NERR Number of nodes not converging [MAIN
NF Number of fixed-temperature nodes
NPR1.NPR2 First and lait problem numbers [MAIN}
NPROB Index of problem lcx u ]MAINJ
NT Number of nodes, total
NV Number of variable temperature nodes
PI 7r MAINI
QACL rntegral auxiliary cooling of control node MI A NI
QAHT Integral auxiliary heatin of contrl node (MAIN]
QC12(J) Net heat rate tlrough connection d IMAINI

(positive from node IICON(J) to node I2CON(J)1
QCIN Heat source or sink applied to control node to

maintain temperature limits (MAINI
QCINO QCIN from prevotu. time step (MAINI

QCIN'r Integral of QCIN over one time step ]MAIN)
QCON(I) Net heat rate conducted into node I (IMAIN
QFACO(D Time rate of temperature change of node I,

previous time step [MAIN]
QHD(lH)" Weather data insolation (pyranometer data) (DAYLYI
QI-Z QHD(IH) conve7-crd to correct units (SUNSRCI
QINC Solar heat flux incident on collector [SUNSRC]

(primar', solar heat source)

QSP Normal, extraterrestr il solar radiation [DAYLY]
QSRC() Net heat source rate in node I [MAIN)
QTRAN Solar heat flux transtmitted thmough coglector

glazing(s) [SUNSRCI
QVCL Integral vent cooling of control node IMAIN]
QVI{I Integral vent heating of control node LMAINI
RCON(I) Array of constants gtonrated in INDATA for use

in PROP, or just for getneral use /INDATAI
REIMA IN llemaininm fraction uf b:.!ic time increment (CONTROLI
lI{)OIH)* A four-h weath,.r data patrantfer (reative

humidity in some ca~e,) [DAYLYJ

SCON(I) Suin of condueranc. (CONI)) of connections to
node I (PRW.\f, PROP)

SINDEC SIN(IDFC) [DAYIY]

SINIA* SIN(A;VIT) [PRIME0
W4',r Sq"lWM ,,%V
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SINTC SIN(TI-TC) PR1MI
SQCON 1 (1), Integrals of po.,itive and negative V'alUeS
SQCON2(I) Of QCONiI) over ti:ne IAINJ
SQC121II), Integrals of positive and negative value,
SQC122(l) of (lC12(I) over timie. (MAINI
SQSRC 1(1), Intel rats of positive and negative values
SQSRC2(l) of QSRC(T) over timne. [NTIlNi
TAD(IH- Weather data-ambient temperature D DA YlYI
TA.%I B Ambient temperature [SUNSRCI
Ti3AR D~aily average ambient temperature (DAYLY I
T*CN.IAX Maximum allo)wable L0ontrol node temuerature IMAINI
TCMIN Minimum allowable control njode temperjfUre [M AIN I
TWOOL Threshold ambient temperature abov e which any cooling

of control node cannnrt be done bY ve~nting . Xuw set
equal to 'FOMAX [MAINI

TIME Ti me of day in conzstent units fiMA IN
Tn%I EX Time of day in liours [M A IN!I
TNMAX Daily maximumn ambient temperatuire [DAYLY1
TNIIN Daily mninimum amnbient temnperatIure IDAYIXI
TOMI Node temperature frorn previous timle step IMAIN!
U(.) Conductance per unit area of connection J [PROP]
\'ELD(EH)* Weather daita-wvind velocity [DAYLY I
VOLF' Therroocirculation volumnetric flow rate [PROPI
YR Twvo~digit year number [DAYLY I
tFor SMWI% inceles.
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Fig. E-.
Node tenpercatures for r ecember 31, 1972, through Jonuar. 6, 1973 (see Fig. 3).
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