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ABSTRACT
‘Passive solar heating systems can supply a major portion of a house's

thermal storage in wall or roof, solar greenhouse and conyective loop. In most
applications some of these concepts will be combined to give better oyera11
performance. Technical advances will make passive solar system function even
better. How far the technology advances to, will depend on how well passive

approach will need to be taken. One which will combine the best oflactive.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 cf 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 summer 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. Thermwmal 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 systen.
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 systew 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.

Lowest number means
least insolation per
year. Highest number
means most insolation per
year. :

(Based on national averages;
not to be used for design
purposes)

ANNUAL MEAN DAILY SOLAR RADIATION

EXHIBIT 1
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The percentage of possible
sunshine is the percentage of time

during the average year that the sun is
bright enough to cast a shadow scross a
surface, divided by the number of hours the
sun is above the horizon.

ANNUAL MEAN 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 O 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 i1s 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 can 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 then 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 learn 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. he 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.

page 4

o




DIRECT T

The ulrect 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 1s 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 1s to use moveble 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 cverhang to prevent the summer sun,
which comes from large angles froa 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 iasulation can help the situation, but there is still the
overheating which is energy that could be stored at a lower temperature,
and thrus 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 1s 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 aleng
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) 1is used. All the glass is thermopane.
Roofing is corrugated metal. 5C
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The collection of solar energy 1s 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 fecet 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 157 for clear day reflected radiation, and also some
diffuse radiation. Transmission ¢f 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 307 of the
direct radiation will be absorbed by the walls as determired by the
thermal admittance and acceptance of the masonry masses. The acceptance
and admittance formulas are by Mazria: Solar Energv 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
~§triking to be absorbed. The black slate finished floor accepts 90 to
957% 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 - 759F). 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 datz was collected without the shutters.
During clear days the temperature fluctuated about 15 degrees (60 - 75)
with outside temperature ranging from 10 to 25°F daytime and -10, -0°F
at night. There was a need for approzimately 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 -10°F to -35°F, while the house never fell below 50YF
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 65°F as compared

to 75° 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 1007 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 (64°F to 84°F). 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 1007 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 70¢ per square foot,
as compared to 63¢ per square foot for a typical 1/2" gypsum wall

with 2" X 4" gtuds. There is no actual performance data available. 5G

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 contractor estimated for just
the needed repairs. The estimated total heat loss, with a 15 degree F |
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House Located in Central Calilornia
Moderate Climate
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average 24 hour temperature, is 185,000 BTU/day. The estimated solar
gain through the 180 square feet of window is 180,000 BTU/day. The
180,000,/day is based cn 1,000 BTU/sq. ft./dav, which 1s 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. 1If 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 5 and € also show that the daytime heating
is done by a natural convective locp, 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
t'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 er“ect and the tizme delay of th Trombe Wall. 5B

The results in exhibit 7 are more extreme -a1an would be observed
in a house, since test rcoms have a large ratio of collector area to
load (4.3 sq. ft. of collector per BTU/hr. °F), and consequently the
inside temperature averages atout 50 degrees F above the outside
temperature 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
auch of a temperature 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 1lists 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 cthe 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/ °F 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 10:00 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 409F 6.8 hrs.
12 20°F 9.3 hrs.
16 10°F 11.9 hrs.
20 59F 14.5 hrs.
24 2°F i7.1 hrs.
EXHIBIT 7
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juét 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 Trombe 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 time. 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 1is 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
0°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 may 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 64°F and the nighttime
setting was 58°F., 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 67°F. 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 nmillion 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's,giving 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 &s indicated in exhibit 11.
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distribution. It can also compensate for irrecularities in the wall

by varyiang the pipe spaces length. All the furming members were painted
white to reduce the amcunt of heat they absorbed. Three 6" X 12"

vent holes were cut at the top of the collector to allow air flow

into the third and fourth floor arcas. 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 problemns. 5D

The air entering che Trombe Wall via basement windows was 38
degrees, with the exhausted air ranging from 100°F to 122°F. Since no
air flow measurements were taken, these temperaturcs have very little
meaning. During winter davs, 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 systecms performance. The Wickel family has been pleased
with its perfornance. 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 lcad is 110 million
BTU per heating season. The primary source of heat is a smaill lug-—
burner wood stove. he house has one side that is 5 degrees east to
true south. After deletion of obstructions thrre was 28' byv 5' of
stone wall exposed to the sun, of which cre third is window space.

To make full use of the limited space available for Trombe Wall it

was decided to use double glazing. The constructicn of the Trombe

Wall was similar to the Wickel House but had tc be modified te accept
double glazing,in lieu of single Kal Wall. The builder, taking
advantage of good Jeals,got the materials. for the preoject for $113.00,
or 8l¢ per square foct of collector. The materials used caused the
labor time to increase considerable over the Wickel House. The house
has a 15 degree pent roof slopiug away, for 10 feet, from the base of
the collector,which 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
systen. The hot air is then fed into the second floor near the ceiling.
The second floor will quickly reach 60 to 65°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 lower 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 comfort 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 wall. There was a significant loss of energy through
the windows by conduction, even with R-8 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. 52

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 tco 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 sc that the solar heat is vented
outside, it would still be a good idea to provide some kind of
shading. 52

FOCUSING ROOF APPERATURE/HOUSE 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 verv 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. 5I

A house located in New Jersey has a passive system that uses both
a water wall and a focused roof aperture. The location has 4,980°F
days per ycar with 37% 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 ipsulated 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. he system also uses natural cenvection,
from the water tube space, through the vents into the living space.
The vents have dampers to prevent reverse thermosiphoning. There
are exterior reflecters 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 asc:}CD, and(}. 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 hecat 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.°®F. 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
glve 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 (BTUX106) SUNSHINE FRACTION
4,980 58.42 57 907%

Total cost of combined water wall and roof aperture system was
$7,858.00 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 required 3.04%10%8TU 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
designed 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~s 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 duriang
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 mcved
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 may
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 und noise. 4

The water roof wystem doesn't lend itself to retrofits, since
there would i:ave 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 GREENIOUSE

The solar greenhouse is a room that has cxtensive 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 grecenhouse from the livingz space. The wall can
either be insulated on the living space side or left uninsulated. 1If
the 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 dcors 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 1n 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. 1Increased 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 wmore 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 i
systems. The Doug Kelbaugh House is primarily a Trombe Wall System, i
but has an attached greerhouse for additional heating and growing :
ornamental and adible 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. Zight 55 gallon drums painted black where added
to try and reduce the temperature swing and to store energy. Tre
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. Therefore, 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. &

HYBRID SYSTEM

Another dinteresting 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 ruoJdiant 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 can 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 (THERMOSIPHON 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, a2 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;
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 coavective 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 storase will give up its heat by all-~wing
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 syvstem, and be com-
parable to cther 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
performance ard serwve more than one function. There is a use for
the convective loup svstem in retrofitting existing houses. The
retrofits carn be small convective air heaters for use during sunlight
hours only, ur a simple window box heater if it can be designed not
to lose heat at night. Work 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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MODIYICATIONS

VERTICAL SOLAR LOUVERS

Modifications can be made to the basic passive solar concepts
to make better 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-XNW direction. Bv orienting the columns in
this fashion the morning sun is allowed to enter and warm the house,
and the afternocon 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 disacvantages.
The Trombe Wall will give even temperatures, but does not alliow the
use of alot of poussible storage in the interior floor and walls. The
Trombe Wall, that circulates room air,also has no convient means
to clcan 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 glazing 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 overhcating. The lodvers 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 7 the internal structural elements
from 50 to 100% in Dececmber 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 leuver's maximum surfacc 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 stories,and 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 cloudv 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 constructing 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 1

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.




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. here 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 cocefficient of performance figure to
distinguish between the two types of systems. For this paper there

is a catergory of passive systems, hybrids, that use conventicnal
energy with one of the basic passive solar concepts. The conventiocnal
energy will usually be a fan to force warmed air through a storage
medium. The 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.
UNIT 1 FIRST VILLAGE

Unit #1 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. &

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 livinz space, in that it is allowed
to fluctuate, usually between 110 F to 45°F. 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 85°F to about
78°F. The rock bed will go down to 70°% 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 S57F to 63°F 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 apprehensicn 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 Mexi , 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 nct use a natural
convection loop to c¢irculate 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 windecws for direct gain solar
collection, The house has a heat loss coefficient of 8.5 BTU/°F/ddy/
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
£illed with ccment. This is considered the optimal thickness for
concrete. The outside surface was painted a dark brown stain that
uas 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 cenvection 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 stryvofoam, 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 85°F 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-
tzining the inside temperature at 60°F 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 uncomfortable 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 i

The active mode was turned on November and December, of the i
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 1 cfm per square foot of collector was considered more
appropriate. As miny 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 active system operating properly. When the shutters are put on
the windows,and the active mode is working.the 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 $5,500.00,which 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 height,and 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 differantial 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 tightﬁ 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 fora in the stove pipe, because the cool chimney
will condense the steam from the wood and combine with the volatiles,
which is 2 problem. To overcome this problem the wood burner stove
was placed in an cpening 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 creoscte problem. 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 467, 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. S5M

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 atrium concept, is geing 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. SN

Exhibit 23 is a schematic of the solar atrium concept. The south
facing wall has 6C0 cquare feet of glass in the wall and roof. The
glass is 1" insulation szlass, with inside louvers which have a total
heat loss coefficient of J.0353TU/sq.ft. 9F. The atrium is situated
in the house so as to be adjoining s many rooms as possible and to
permit free air movement. The atrium is constructed of material
which will give it significant therzal mass. The floor is five inches
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 ormamental 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, withoc.t
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/F. 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 tc the top of the atrium
where it will be circulated to heat the rest of the house. When the
nouses temperature reaches 68°F the air will be drawn teo the rock
storage. At nizht 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 $1832.00. (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 Lindberg House will have 2,100 square feet, with a heating
load of 4.15 BTU/DD/sq. {t., in Minnesota, which has 8,400 degree days
of heating. A hybrid passive solar system is situated so that it will
be protected from winter winds and have large summer shade trees to
help summer cooling. The house will have 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 thermal storage arca. The windows
on the north, east and west sides have triple glazing, with double
glazing and movable insulaticn on the scuth windews. here is also
a skylight in the roof to give added collector area, which has a
sovable 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 ener;y,and a rock storage system to store excess energy.

The south face has 275 cquare feet of dcuble glazing, with movable
insulazien and 75 square feet of south facing skyvlight, with movable
insulation. The floor has 63,600 pounds of precast concrete for
absorbing solar radiztion. There is a metal absorber plate leocated
above the rock storage bin and positicned to accept the solar radiation
irom the sk yl; ht. The rock storage bin will have 340,000 pounds o
rock, with the air circulated through it by the furnace fan. 5F

One of the problems with passive systems is the limited range
it can operate over and stay within interior comfort conditions.
The bedrooms will be put on the third level so thh; during the day
this level will be allowed to go in excess oL R F, thus allcwing
higher storaze temperatures. Temperatures in excess of B0°F on the
third level shiould not put the secend level bevond the comfort range.
The metal plate collector will be used to further increase the storage
temperature by the warmed air from living spaces beiug forced by fan
between the collector panel and the wail and into steraze. The furnace
fan will draw the air through the rock storage bin and cither return
it to the space through the concrete air fleor,or recirculated via
the collector loop. The precast concrete floor is an air floor, which
allows {low beth parallel te and perpendicular to the directicn cf
the plank. Turbulence is created by supplyin g air to the ®enter
location of an area and forcing the air to flew perpendicular to the
length of the plank, to floor grills located at the edges. The heating
system operates by the following modes of operation: §F

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

e

MODE Solar Storage. When confortable interior temperatures
have been achieved and selar encrgy is continuing to warnm
the spaces beyond their needs the 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 lleat Charging only. This mode operates only when the
interior spaces are at maximum com{ort levels, When
this occurs the air will circulate through the solar
collector rock storage loop.

MODE #4 Heat from Solar Storage. When 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 circulatien as Mode if2.

MODE #5 Auxiliary Heating. VWhen the hvbrid passive solar
components can not meet the heating needs the auxiliary

heating svstem can be used. A gas furnace is to be used
as the back up svstem.

The gas furnace uscs its own supply ducts. This i r
duplication of the distributien, but it was needed to pr c
the solar storage with the furnace heat, making the sol orag
ineffective to the lower temperature solar heat. A bin method analysis,
estimated that the passive system could supply about 657 of he a11ual
heating needs, which is pretty good with the available tlector

area. This design shows that a hybrid passive silar
the major porticn of the heating needs of a large we
house in a ccld (8,200 DD) climate, and give relariv

comfort standards. There are plans to monitor tempers

fication of temperatures and heat flows for this house when complete. 5F




TECHNICAL ADVANCLES TO AID PASSIVE SOLAR HFATIN

TRANSPARENT INSULATION

The passive solar concepts collect energy through glazing
to be absorbed in a thermal storage mass at low temperatures. With
conventional building miaterials these concepts have draw backs, the
glass will lose heat by radiation, the thermal storage will have to
be massive because of the low temperaturc;and the system will have
temperature swings through out the days operations. Some technical
advances that have been developed to help eliminate these disadvantaces
are the transparent inmsulatien, the optical shutters, the movable
insulation and the phase change material. The heat mirror will
allcw short wave solar radiation through, but be an insulation to
thermal radiation. It is a thin transparent optical £ilm which can
be applied to glass or plastic glazidg material. Depending on the
application,the thermal losses can be reduced by 25 to 75%. Normally
multiple glazings are used to reduce thermal lesses, which will
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 MIRRCR

The heat mirror coating will transmit solar radiation, .3 microns
to 2.5 microns, and be highly reflective to lerng wave radiatioen.
Some examples of characteristics that can be achieved by the use of
a heat mirror with windows are given in exhibit helow.

. BTU/sq.ft./hr/ F Trans
E=.2 E=.05
Single Glazed
laner Surface .72 .63 .78

Air Gap Retrofit .31 .26 .75

Double Glazed
] Air Gap .32 .27 .77

Double Glazed
Mid-Gap Plastic
Filn .21 .17 .66

iig Plastic Film +

|4

o

Yy vreoIT
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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 cquivalent
thermally to adding a glazing plus air space. Cciudensation and frost
on a heat mirror surface has the effect, thermally, of eliminating

the heat mirr:r. 1In cold climates heat mirror on single glazing
would not be adviseable over double glazing due to the frequent
condensation and frosting that would occur. 58

The cost of the heat mirror to the censumer is very important
to how much gets put into use. The dermand 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 $3.00 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 mirrecr coatings can be
potential competitors. The primary factor in decreasing cost is
whether there will be sufficient demand to cut produztion costs. 35S

SOLAR MEMBRANE

The sclar 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 cff less rapidly with increasing angle

of incidence, than it does in other materials. The solar membrane
has a transmission of thermal radiation of only 137, which is lower
than all other plastics. Solar membrane characteristics allow many
layers to be used and still be effective for use in solar energv.

1f 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 827 of solar radiation. This com-
bination of solar membrane can give a flat plate collector saturatica
temperature of 400 F without concentrators, vacuumns or selective
blacks. The seclar membran2 has characteristics that can make it very
useful in the field of solar energy. The solar membrane is available
at 35¢ per square foct in larger than 1,000 square feet 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 CEL
The optical shutter is a material that will vary its transmission
of solar radiation as a function of temperature., A plactic has been
developed which will function in this manner, Cloud Gel. 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 radiatien. When the material cools down
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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 degrece celisus temperature chaange. The set

point can be tuned to any value between O 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 1is 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 geing through a phase change.
A problem with most material is that it will remaia 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 containcr 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 councrete has been
developed with phase change properties, Thermocrete, Calcium chloride
is the phase chaenge material for melting & room tenmperature., Qther
salts can be used to produce melting temperatures between 0°C and
100°C. 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 i1f a paraffin
base material could be used effectively in a passive system. Results
of test to date have indicated that the paraffin based material cculd
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 geing 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 usec a polyhedral (honeycombs) plastic cover instead of
glass. The polyh»dral 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 +hat 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 THERMOCRETE 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.

Me Passaqes Thermocrele [Block

S be used to

Clovd Gel
Heat Mirror

Clear Plaste

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 waterial has melted the tempcrature
will raise causing the Cloud Gel to turn white, if set temperatures are
correct. At this time the Thermocrete is completely charged, and
prevented frem overheating. The Cloud Gel will not be affected by
outside temperatures because it is shizlded by the heat mirror. The
Thermocrete will thus slowly freeze, but stay at one temperature. If
the Thermocrete melts at 70°F and it averages 30°F 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
NIGHTWALL 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 develpoed 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 when needed. A vacuum cleaner
motor is used to transport the beads. The moter is automatically
controlled so that when the 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

and often required insulation for passive solar systems 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.

Exterior shutters can be used many ways, and is an effective
To

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 intercepted by vents ia the
curtain, creating an increase in pressure and inflating it. How
thick the curtain will inflate will depend on the mechanical 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 sile channels and the slots at
the bottom of the curtain. The curtain consist of a number of layers
of thin flexible material of high reflectivity and low enissivity.
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 9,0C0"F day climate. The curtain was assumed to have a
thermal resistance of 9, which is low. The payback period for Aspen,
Colorado, with an electricity rate of three and a half cents per
kilowatt hour and an increcase 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 ic 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 peinting up through the insulation into
the thermal mass will transfer the collected solar energy to the
thermal mass,when the absorber plate is warmer than the storage.
At night or when cloudy the absorber plate will ccol down, but
because of the thermal diode effect will not drain the stovage. This
system will not need movable night insulation, because there is a
permanent insulation material between glazing and storage. Another
advantage of this svstem is that whenever exterior conditions allow
the absorber plate to cool there will bte insulation in place, unlike
other systems. In test conducted the water 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 had 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 sclar systems will need further
work to determine the 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 DESICN

Windows in passive solar design is very important. To get an idea
of how important windows are in the useage of ecnergy, there is about
one third of tha nations energy consumed in buildings (residential
and commercial). Of this energy consumed two thirds can be aifected
by windows. Therefore, the proper performance of window is very
important in the field of ecnergy used in buildings. The six cnergy
control functions of windows are passive solar heating, daylighting,
shading, insulation, air tightness and natural ventilation. Recognizing
these six functicns, one can begin evaluating how a window's per-
formance can be improved. The following stratagzies, in window desizn,
will be discussed concerning improvemnent of window performance;
site design, exterior appendages, windew frames, glazing, interior
accessories and building interior. Site desiun is important because
by altering local solar, wind or air temperature the thermal perfcr-
mance of a house can be imp:n"ed. An xﬂmolc of a site design that
will improve a viniows performance is the windbreak upwind of a house.
This stategy functions because wind di::c:icn in an area is usually
the same during seasons. With the winrer winds coming frcn essentially
one directior, a wind the infiltrarion rate nd con-

1Y

dbreakk can reduce
vective heat losses. The infiltratiocn rate is reduced because the
windbreak will decrcase the wind pressure on the joints and crakes

of the windouws. The convective heat leoss will be less because with
less air movenment across the window the boundary laver will be more
effective in its thermal resistance. If a planted windbreck 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 throush. Bv
allowing some wind through the fence, the zurbulence orf a solid fen
will be evened out. If the wind's direction chinges for summer, the
cooling affect will be maintained. 5BB

The use of extericr appendages 1is very valuable in winljow design.
The appendages can give davlighting, natural wventilation, increased
insulation, and shading, depending on how they are used and what
eifect is needed. During winter wihen the sun is shining the appendagze
can be opened allowing light and solar energy into the house. At nizht,
or times cf no sunshine, the appendage is closed creatinz 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 matural ventilaticn. Reflected
ground light will be admitted to give some daylighting. The exact
type of exterior appendage will deternmine uow effective ecach 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 rcasons that the sizing of the window area, along
with window perimeter, 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 sclar energy allowed to strike
the window, and the amount of solar energv allowed through the window.
With glass the solar transmissivity is greatly reduced for angles of
incidences greater than 57 degrees. In summer, 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 amount of solar
energy allowed through the glazing will be esscntially unaffected
during winter, because the sun is lower in the sky, and greatly reduced
during the summer., 5BB

The glazing is the last chance to stop adverse climatic forces.
Single glazing has been greatly used throurhout the Unitad Stuates
and is the least effective in controlling clinatic forces. What
can te done with multiple glazing will be Jiscussad later. An often
overlooked glazing material is the glass block. The glass bleck
has scme unusual properties that can be effectivelv used in cnergy
conservation. The U value of zlass block can be as low as 44,45
a double air cavity is use2. The largar the face area is the hetter
the performance will be, becaus f infiltration., The glass biacx

1

also has substantial mass, which
which then can be radiated into
light is traasmitted c¢
light comes out of the bleock.
allowed to penetrate

kind of glazing is used wi eiicc I ol er, s
the amount of dayligzhting obtained, and the amount of iasulatien

provided fer heat loss. 583

€Ssorics are numoraus,

Interior ac sreatly ia how
they effect the performance of windows. One advanti to interior
accessories is thelr aceeossiv
can be used on any soucth Tacing window Is i~ Ark-tic-seal,
svstem consists of a guide frame with three £il e
absorbing, viue reflective, ind one clear. During wiater
heat abhsorbing and clear snede ave lowered. 7 a
up the heat absorbing film. When the air 1s wirmer betwec
than the reoom temperature a veat opens, allowing the air
living space. When the 3ir cocls down lower thun roca temperature
the veat will close. At-night all three shaldes ave lowvered providing
an effcctive insulator. he window can alse be uscd during the surmer
for cooling. This accessory, by cellecting and distributing solar
heat at the window vice the living space, alleviates the preblem
of fabric fading and glare from direct sunlight. At night, this device,
by providing a good insulator, greatly decreases the windows losses. 538

w6

The building interior will greatly determine of what use the
admitted solar energy is to the house's heating lead. Hew the window
is used in the basic concepts have already been covercd. An idea
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that can be used in just about any heouse, is to place some thermal
mass by the window to store what solar energy is admitted into the
house. Water can be gsed for this very effectively. The above
stratenies give scme idea of what should go into the desipn of a
window for a house, for them to be erfective in energv control. 5BB

TUREE GENERATIONS OF WINDOW DEVELCPMENT
sed in windcws have gone through essentially three

se
generations to date.  The "first generation' is the flat clear glass
used in most hwouses.  1f this glass fu used as a single glazing it

ing
is not very effective for use with solar energy. It will allo:
the most energy tlrouvh but also has the lowest U value. Multiple

glazing ¢ e used to increase the U value, but the amount of solar
radiation allowed through will be decreased. The '"second generatioen'
u

t
f heat abscorbing and glare reducing tinted glass. Their

iz the use o

funcrion is to rocduce excessive solar brightoess , like putting
sunglasses on a building. They can also have low U values. There

is also sore spec1ul low absorbance glass to give hizh soclar encrgy
transmission. This kind cof glass is usually used in solar col;e tCrs.
The "third gencration' glass,are those with reflective characteristics.
A thin rellective film is applied to the glass. This type of glass

can have a ranze of reflectance, absorbance and transmission properties.
The successive generaticns of windows show the increased consideraticn
of the solar ena2rgyv in glass advancement, which should result in better
performing windows. 5T

CNERGY TRANSPORT CONTROL 1IN WINDOWS
i indcw systems desingns, u
normal interpane sepuration, with venetiall bll

inhibizing and radiation-controlling arravs. f
schmatic of 2 bewween-the-glass convection-radiat

es a larger than

ike convection

it 29 1is a

n contrel svsten.

Chl
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More than one array can be used in a window . When more than one
arrvay is used, a higher R value is cbrained and greater operational
flexibility is achicved. The arrays can be arranged so that the
miximum amount of solar energy is admitted into the house, and so
that the solar energy is erLkCCd to the thermal storage within the
house. In tests conducted with this tyvpe of window system, U values
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of 0.1 BTU/hr/sq. {t./°F in the nighttime mode, and 0.2 BTU/m/sq. ft.,9YF

in the solar acceptance mode have been obtained. Even smaller U values
pear to be achievable This type of window s"sten can make the

vindew, cually an over 1ll deficit to the hecuse's heating load, on
sat ; svstem 1s a good example of what can be done to
prove the pcrform:nc; of windows, a very important part of passive

r heating systens. DR

At present multiple glaz

ng is the usual method used to imprecve
the U value of windews. T r

R4
imary disadvantage to using multiple
glazing is that as Cnc U value decreases, with added glazings, the
precent solar radiation tran ted decreases. Exhibit 30
shows how tue precent salar rad:ot on transmitted and U value varies
for different ﬂuchr of panes. Exhibit 30 indicates that multiple
glazings can be fective in controlling heat loss on the windows
for ¢ ting solar energy. As previcusly ccvered, there is
v and improve the characte'istics of windows for
svsten.  Vhen the disadvantages of glass are

o
e

e , h the advantazes maintained, the performance of passive
lar svstems will be improved. 5

WINDOW OUTL’T‘

Window coverings can greatly improve a windows thermal perfcrmance.
As mentioned earlier, there are many J fferear 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 quilt insulating shade. The wi 1doa quilt hqs five lavers,
consistw0 of two lavers of polyest separated by a vapor
barrier of etalized pelvester i corative covering. T
mountiny hardware is uesign the shade can be moved up eand
down dqd trave the ed;es seale all the way down
4 is sealed. The shade periormance is as

o]
la]
-
o1
V]
Ui
;':
v
-
[0}
1 P

fo;lont‘;

1. Window Muilt applied to double hungy single glazed window
a. U value 3.15 BTl'/=2q. ft./hr/”F without window quilt
b. U value 2.30 3TU/sq.f{t./nr/“F with window quilt
2. Window Quilt applied to air tight fixed single glacted windoew
a. U wvalue 1.03 BTU/sqg. ft./ ar/?F without window quilt
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 § years depending on weather conditions. A
nice feature with this insulating shade is that conventional shades
can also be used with it to maxke an attractive window. =5Q
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THERMAL DATA REQUIREMENT AND DPERFORMANCE EVALUATION

Perhaps the weakest area in passive solar hea

ting technology is
in predicting a systenms p erformance. There are simplifie
c

4 techniques

and computer programs which are designed for specifi

concepts, but when cembinations or hybrid svstums are u
techiniques have to be modified, which usually requires a w
wnowledge of borh computer programming and heat transfer.

complicate the problem, when passive solar cconcepts are com

performance is not alwavs the sum of the individual concep
lack of workable methods to simulate the ~ar ol
systems has resulted in passive solar heating getting a ba

because of inadequately designed building being unconforta
siuation is improving htecasue of experience gain from house
solar svstems. Therefore, a stzndardized mathod of eval
solar systems should be developed, so that svstems desi
give at least adeguate peric and pr fcra“lv the na
formance. The procedure may require a computer, but
a canned program that can evaluate any of the passive
combination of, and or hybrids by simply changing parax
problem with simulating passive solar svstems is the
weather data, which is very tine asumin
proposed bv D. W. Low to greacly reduce
The preocedurs reduces the
"weeks" of hourly data.
produce results that are 6% accurate
100% accuracy. A descriprion of the proc

Concelvable 15 a cannced cemputer prooram
be developed aleonz with reduced weathe the of
solar aystem could be determined for a particuler area

STANDARIZED EVALUATICN PROCEDURES

The Naticnal Bureau of Standjards,
of Enerzy, 1s putting together a dooun
evaluation of passive solar systems.
is as follows;

1. Establish pertinent performance factors.

2. Determine the tyre, accuracy, range and frequendy of required
measurencent.,

3. Identify appropriate iastrumentation,

4., Recommead data analysis and reporting technique

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

. Determine energy savings of fossil fuel and clectriczal pover.
. Determine the fraction of the building's hot water, heating
and/or ccoling load contributed by a passive svstem.

Evaluate passive couponents thermal charccteristics

Deternine the building's comfort level

5. Determine the extent of occupan interacticn required for
functional performance or other operational requircments.

tD —

&~
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'.c the svstem degradation for the neasurement period,
insolaricn and other ambient environmental data for

and cvaluation purposes.
cno the »rojuect refer to reference 5V.  This kind
needad to get p3551‘e solar systems more fully

cenditicns to ho e oW rs 5V
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passive solar system with minizal hea
4 ir

i
t storag: has been performed on
0. The methiold uses averag

s

a
the Cresleyv lone, by Andrew M. Sha
menthly sun and temp 3
The menth is thaen 0
It is consid :
energy avail e
using standard procedur
hour, and calculates t:
there is any extra ener
hour as heat stored. A
an isothermal mass
When there bezin
raise in tempera
heat loss, because of
increase in heat less
"

ather data.

11 sun days.
xcess c¢f solar
55 is calculated
s at a given

[SVRRE1
[T ¥
d o

o]
or 3

e
a1
(O3]
i
¥
ol

T

— ,;
m
"
s
o3
fo
~
(9]
o]
Fr
[
b
0
[
o]

hat hour. If
ed to the next
r

e
surplus of energy the house will begin to
e greater temperature will cause a greater
e greater difference in temperature. The
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C. TFor the next hcur the heat 1leoss due to
“emparature is subtraced frem any surplus
eneray remains is added to the next hour.
1 the heat storage roaches full capacitw.
ional solar ermergy is not allowed into
lﬁc*e:sei interior temperatures
separately. At this peint the
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want to dump as much solar ener
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thermal mass could be alded to the heuse. After the sun goes down the
heat stored in storage will be released until reoom temperature is
reached. The heat from storage will be cqual to the heat loss for that
hour, which is =

he heat loss at 207C and any heat loss due to the
interior being at a higher temperature. OCOne full sun day is done

for each month using average maziimun, minimum  and mean temperature,
and average clear-day radiation. 7The average menthly gains and losses
over the heating scason are tabulated as follows:

1. Average heat leoss in absence of sun and average gain from
sun arc figured from the average daily figures, for loss and gain,
multiplied by the number of days per month.

2. Full sun day teotals for overheating aud dumping are multiplied
by the numbers of clear days in the month.

3. The results of 2 subtracted from the monthly average gain fron
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 nceded.

Exhibit 31 is a graph of the above procoedure used on the Crosley
heme 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 consuming to perform. Considering the cost for the time to wvork
this method makes the computer simnulations wmore attractive. The problem
with computer simulation is that they are as of yet not flexible
enough to be used eon any systewm but what they were desicned for. The
computer programs can handle some modifications but it will usuvalil
invoive modifying the basic program. This kind of modification wi
require computer programming and heat transfer nqCJlLugC
program that can give results for o ferent passiv
by modifying inpuc parameters is very much necded.

L] H

difie

COMPUTER STMULATION/PASOLE

PASCOLE is a coemputer program teo predict th
Trombe Wall or a water wall. This pregram was
to gain the experience of workinz with a canne C
and to see what kind of performance could be obtained ¢
¢ .
1

Wall in Corwvallis, Oregon. Weather data
for the month of December only, for the
1978 in Corvallis was a severc winter.
load from the computer run will be close
expected, A copv of the weather data uscd
Wilson, from egon Department of Energy
how to use P

present state

ASOLE.  Tom Wilsen has used and modificd PASCLE

A copy of PASOLE is in appendix 2.
cards or a terminal . The terminal was
to learn how to use the terainal and bec.
between ruas. PASQOLEY has becn

o~ < N 1 o -
onscructed as the souw

[¢%]
v
[al
7
1
'~
A
2}

C >
with PASOLGQO as the oblect nrozram.  Refore PATOLE can be used two
files have to be created. A weather file and a command file. Tae
weather file was created from cards in the feliowing format:

COLUMN DESCRIPTICN NITS
8§ -9 Year (19 ) - -

11 - 12 Months (1 - 12) - -

14 - 15 Day (1 - 31) - -

17 - 18 1 Hour (0 - 23) - -

20 - 23 Total solar radiatien -

on a horizontal surface W/M 2

283 - 29 Wind Speed M/sec
31 - 35 Dry buld temperature deg. C

Hourly weather data was collected and put into a file named weoather
The weather file has to have data for 24 hours a day. The first

hour of the day has to be zero hour with hour twenty three as the last
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hour or the program will not run properly. The command file can be
easily created from the terminal, and has the following command inputs:

CONTROLTMP (next line gives minimum and maximum control sode
temperature for night and day) T-¥in _nite, T-max-nite,

T-min-day, T-max-day

D LONGITUDE (next line gives difference in time longitul- and
actual longitude)

HOURLY 10 (next line specified starting and endiag days for
hourly output) MMDDY, MMDDYY

LATITUDE (Next line gives latitude in degrees)

MONTHS (Next line gzives the number of months the simulatien is
to be run.)

RESNIGHT (Next line specifizss
for wall. Units are

I

w

— 23
1

STARDATE (Next line specifies the starting date of simulatien,
MMDDYY format)

U LOAD (Next line gives the load valc
the collector arca, house load
sq. ft. of wall).) This value

se nermalized by
ector area (B8TU/hr/OF/
X

r
sually about cne.

~
O

VENTS (Next line gives vent status, 0 = no worts, 1 = vents alwavs
b B
open, 2 = no reverse flow, & = Thormostatic vent control.

Default 0

AUX COCLING (specifies whether auxiliary ccooling will be used

On the torminal o mhe cormand riles ¢ crea so that
runs with cample of a

1. Log onto terminal
Control A .

2. JEDIT, COM (Cem is cormmand file name)
3. Begin text editing

4. 7 A

5. Enter text

6. ? / CONTROL, TMP

7. 7 60. 75. 65. 75.
8. 7 D LONGITUDE

9. 7 3.4

10, 7 HOURLY T @

11. 7 120178, 123178
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12. 7 LATITUDE
13, 7 44,55
14, ? MONTHS
5. 71
16. ? RESNIGHT
17. 2?2 3
18. 2?2 STARTDATE
19, 7 120178
20. 7 ULOAD
21, 71
22. 7 VENTS
23. ? gi
24. Ready
25. ? END
26, End text editing
27. 5 EDIT, COM.
28. / SAVE, ccM
Now the ceommand file COM is created and can be vused in DPASCLE. The

data for the comrmanlis can be lecacted anywhere on the uext line for
that command.

With the weather and command files created PASOLE can now be run.
The following steps are used to run PASOLE and have tt e
on the computer printer.

Note: Underlined material to be entered at terminal.
Lot onto terminal

SETTL, 100 (sufficient for one months data)
SCTTL, 100

i

¢ # where PASQLE stored)
0, B = PASOLGO , OPT =2

OLESIN = (fil
FITw, I = PASOLE, L =
SAVE, PASQLCO
ATTACH, IXSL/UN0 = LIBRARY

X, LIBRARY = IMSL

10. Library = IMSL

I1. / TITLE (PFIL) Put in title desired for output
12, / PASOLGO, PrlL

13. X CP seconds execution time

14, / ROUTE, PFIL,DC = PR

15. Route, Complete

16. / BYE

O 0O~ O LN

e o S 7 2

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 mrath of data will take about 43 CP seconds. The ULOAD
and RESNICHT comrmands where considered the most important as far as
system preformance was considered. The following values for ULOAD

and RESNIGHT woere used to obtain the pracent solar load from PASQLL.
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ULOAD RESNIGHT PERCENT SOLAR
1 1 3.82
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 snow that the percent-solar can be chanzed greatiy by changing
the valuees for ULOAD and RESNIGHT. The lower value of ULDAD in an
indicator of a tighter house as far as infiltration is concerned.
The higher value of RESNIGHT means there is less loss of heat at night.
To maxinize the performance of a Trombe wall, ULOAD should be a minimum
and RESNIGHT a maximum.

The PASOLE program can simulate a Trombe wall or a water wall,
but to change frem Trombe wall to water wall requires modiiving the
base program. There is an on going attempt to create, from PASCLE, a
program similar to F-chart. This prozram will be of greater use for

designing passive solar systems. A description of PASCLE is is Appendix 4,

it is essentially a thermal netwerk solution.
EVALUATION OF PASSIVE SOLAR HEATING STYSTEM PERTORMANCE
Once a passi stem has been built, how deces the user know
how well the sv=z Briscol L. Stickney nas deviscd
‘ a simple methud passivo sclar systenk performance. The
method requives dimum minimum recovding thermeometers.
At present the o 2ty winter heating only. The {following
are definitions the ovalusticn pricoss.,
ITMAX~Indoor L
THIN - Indoor air torporatur.
OTMAX -~ Cutlionr alr torperLtare =0 foyr
OTHMIN - Ouudior air Lo ora
ITR - Indoor tomporatare -
ITMAN - ITMOL = 1R tequ. 1y
OTR - Qutdoor teornerature range
A STV
OTMAX - OTMIN = QTR (equ. 2)
RR - RANGE RATIO
ITR/OTR = RR (eq. 3)
!
OTDY (Delta Tee Daytive:  The dindo a-. o Dot eratere i forence

during day

ITHAX - OTIAX = 070Y (egu. 40

l
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OTNT (Delta Tu‘ night) The indocor-outdcor temperature difference
duri

ITMIN - OTMDN = OINT (equ. 3)
OTAV Delta Tee average
(OTDY + OTNT) /2 = OTAV (ecqu. 6)
ITAV - Indoor temperature average
(ITMAX + ITMIN)/2 = ITAV (equ 7)
OTAV ~ Qutdoor temperature average
(OTMAX + OTMTM) /2 = OTAV (equ 8)

The thermometers should be placed in a shaded area, inside and out-
side, and resect so that no previous measurement will be recorded.
They should be set up in the morning between 7:00 A.M. and 9:30 A.M.
and left for 24 hours. At that time ITMAY, ITMIN OTMAX and CTMIN
should be recorded. The data can be taken for anv 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. SW

Once the fcur initial temperatures are obtained, the remaining
eight parameters can be derived from qualoas 1 through 8, ITR wund
OTR establish the limits of the indcor and outdoor temperature
fluctuations. RR establishes a refercnce nuhber that indicates the
quality of the buildings response to these fluctuations. OTDY, OINT
and OTAV indicate the building response to raises, drops and fluctuations
in outdoor temperature rvespectively. ITAV is an indicator of the
average comfort level indcors and CTAV indicates the average severit

f the outdoor. The absolute accuracy of these parameters are not
necessary. OCnce the eight parameters are obtained interpreting them
is dilficult. ©Bristol L. Stickney has devised a chart to easily
interpret the meaning of the parameters. Exhibit 17?2 is the chart
devised by Stickney. 35W

The RR and OTAV values are used to determine how the system is
performing. The OTAV value 1is plotted on two parallel lines ofifset
to give the limits of fluctuation on the OTAV scale. The OTR 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, zoue C,
zoue D, zeone E and zone . By plotting the pcint where the RR value
and OTAV value cross, the performance of the system can be determined.
The best performance would be the center of the comfort zone, but as
long as the point is within the comfort zone the iuterior temperature
stayed within cowmfort standards (60 to 75°F) What 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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Bristol L. SJﬁckz\/ey
PerLormance Chart

OTAV (°F)

Range Ratio KRR

e - 4

o

N 1 I
+ +

ZoNe | ZoN=<

P |

{ ZoN€ i
A 2 C
R
Fon€ CSMCOYJV Zone i EL/
D ZoN€ = - ?:,
- O

1 ZoNe ZOoONE€ 20M€7

E B

4Ny

ODNTARV /

(if[&ij%?F'/Ezbddﬁap 11/55;/{
The BR value below
whicl it s ASSUn
EXHIBIT 32 7LA47L +he ‘/‘AQVMA,{

qr‘Adté/J{ is too SMAI
+o allow heat Elow

page 70

— g

|




The thermal contact between the storage mass and the collector
is inadequate

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

envelope of the building. (i.e. night shutters, rocof and wall
insulation)

ZONE B ~ RR is too high OTAV is 0.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 ZCNE B
ZONE D -~ Tha RR is O0.K. OQTAV is too low.

The building nceds more collector area.

A better thermal envelope is needed.

Add insulating shutters and/or more in the walls and roof.
Remove any southern shading Jdevices.

ZONE E - The RR is low OTAV is O0.K.

There is no solar gain. ECither the building is being heated
by storage discharge, or a thermostatic space heater is in
operation.

ZONE F - The RR is 0.X. OQTAV is too high. Same as ZONE B

1

This swvstem can be used on any type of passive solar system in any
location, and is very easy to use. This type of evaluative procedure
is nceded if passive solar systems are gcing to be genmerally accepted. 3%
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. CORCLUSTION

At this point it would nermally be apororiate to present
why passive solar heating is the desirabie way to go. Te do this
would mean trying to point out how passive systems are better than
active ones. This type of thinking has created two sides, when therec
should only be one. Initially separating the solar concepts inte
passive and active was probably good, in that a concentrated effor
could be put into cach side. As stated by Richard S. Levine is
time to start using an integrated approach to solar desizrning, ocue
that would take the best f*or toth nassive and active systems to
come up with a 1007 solar ated house, except for pumping power and
controls. Our present srtate of cdesign is like the first powered
vehicle, the hors»l 35 carriaze. The horseless carriage had an
interrnal conbusticn engine on a vehicle that use to be pulled by a
horse, which was an aweward a cment.  With tire an integrae of
apprecach was ¢ ; came cut, which is what is
to have to haonpen to : how a non inte
approacii can 1e o ian 45 the I' chart pro or_ﬂ.
The F chart pro nd accurate witiin the range it
was designed fo izned for active systems and
gives accurate s vstems that will provide
up to 707 of the he suptions are cosolete,
L effective house that receives

'™
or
-t

0.

all it's he .
e for sclar design to get out of its infancy and
start advancing towards an iategrated apprcach. Ouce this design
becomes accepced 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 1007 of the hezting from 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 btevond mnaimizing solar collection and rage to what the house
is made of, now it is constructed and sit ticns. At present

the biggest problem with integrative Jesign design itself.

There will have to be simplified design procedures developed before
solar cnergy systems become zenerally accepted. A possible hindrance
to integrated design being accepted is that passive systems have becn
thought as for architects, and active solar systems for enmgineers.

This kind ¢ thioking will have to be rejected, with both engineers and
architects working together. Togzether is the key word, everyone

t r
working towards a common goal. 5A

en some adyancement of materials that can improve

f solar systems. These muaterials can be very use-
olar desipn becomes generally acepted there will
them. At this stage then, it will be important

that will begin to make solar design accepted.

The more accepted solar desizn becomes, the more incentive there
will be {ov improving materials for solar systems. A weak incentive,
by the governmeats, is the tax incentives. The problem with tax
incentives are they encourage svstens that supply the mininmum
percentage c¢f the heating lead by solar cnergy. When just the

oppesite should be encouraged, the use of larger seolar percentaye units
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The one
is in retro
best suitued
can be retr
Lo new cous

ign would not be applicable
‘tive systems are probably
structed. Passive syvstens
will not be equilivalent
with active systems.

Solar eng household heating needs.
How much o ill be supnlied
bv solar cone icn talen by scolar
designers. is used in the
United Sts cws that the house-
hold and ¢ ailable energy. If
solar ener vy svsteoms v avcepted it could consider-
ably improve cur natiosns use crerav.  This should be

i :
2OVE T md the private sector
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C ™77 "REAU VALUE FOR LOAJ/AREX
e 102 REA0 (2,%) ULOAJ
. GaTu 123 ]
G AUXLLIARY SOULING SPECIFIEJd. SET FLAG TO 1
o 163 KAadaguL=l - . S
c Glituv 124
C ~ " RTAU VENT CUNTRIL-FLAG
@ 1o+ 3Eac (2,3 VN
o wulu 120 . e e e e
C . REAu NJM3EX OF MONTHS 0% SIMULTTION
e 1o> REAu (29*) NMY e e
NJAr1=3¢0
o GulTu 123
© C REAu JATES _TO bTART AN) STOP HIUKLY PRINTOUT
170 REAv(Zy*) 101,102 e - -
A 6o 70 120
C
o RIAu STARTING OA4TE OF SIMULATION - - e e - e
© 173 Rfail(2,%) INDATE
¢ GIaTu 123
o ¢ REAU LATITUJE OF SIMLATLON
, 173 RZAUIZ,*) ALAT I e - e
, . GITy 123
{
, G REAU THo nRELATIVE LONGITUDE R — e e e e
I @ 173  ~cAu(2,%) ULGCNG
: GITG 123
@ 8 33 AEST IJF SET=-UP FOR TH.iS RQUTINE
CidO CINTINUVE
© ¢ o -
G0 TO (196,20G), UNITS
1939 gSoifinue
Ce===UNITL 14 3TUHK¢FTHIEG-" - 3
333uN=1.7132E=-9 3 JPERIAY=24+ § T3aSE=05. § QAaACJINvV=. 3172
o TZ2<0=4o0. 5 QOVMAK=317.2 , .
Gu i0 21C
233 Conlinhdz )
| Coee=uiiiTo 2% Sele UNITY (Js3+490E0=3) . . S
; o 33oul=b.07it=0 3 TPER LGT=35+00a 5 T3ASE=13. § QHCONV=1.
: [Z2..05273« 5 WONMAA=133C.
CZIO PUNTLNuE Com T =
& g == STaRT SPEICIFIC HLUEL -= S0UT4 MASS WaLL
C == TRI40E nma. (KAALL 2) 01 daATZR dacl (KWALL 1) - PEX UNLIT AZEA OF Go
Go== H35A Nun=ZERJ FUt MR3SLVE EATENIUR WadLLS
© {22 SR TalUEl FIRAMETERS
v ASL== NJMcEnm UF PRIMARY SOLar SJURCE (443535 WALL) 6L AZ N.:b
G Honle= >Mn HELGAT FO THE=MJUIXOULRT LN CALS e (FT ) moiom e mmmee—e——m
G Uadmu== STATIuv xULY ACATING wund uJEF_'rZGZuN[ PSR UNLT 3MA4 GLAZING
0 v ALA (BTUIHK/QC.G.F/SQ.FT). iHIo JuUES 4uT INJWULE -1E:-'n LId>> TrHRU
v SMn uX MAaS3ive WALLS. L R R
c Rosli== RESISTANCE ur 314 NIouf ndeAhoN_(JEL,.F/HTJ/HZIol FT))
c KVEwT== THERMOICLRWULATION J2idf SuliTriy FLAG {(SEE PRJIP
. c JoTimem Shi To X001 U (3TU/AR/ R0 eF > aarT)
¥ CiIn-= 41R_VOLUMETXIC 18T wAPALLTY (3TJ/JIESF/CULFT)
v AV == ACLELERATIUN VUE TO LraeVifY (FT/3/35) e -
v TACnIw==_niz THExdAL COINJUSTLIVITY (J3TU/ZdR/JEWF/ET)
L) Y TiLbu== Tiul UF SMw GLAZING uk UF 344 LF 3ARE (JEGe)
C Al{d‘- WLl HZL1 TH (di‘.uo
v nuF == WaLL AdoQxgTiviTY .
{ 1 Tuw== Gundiiib THLCKNZE3 PER LAYER (FT)
Q e THZuL=~ ULAZitiu THERMAL SONUULTLVITY (3TU/HR/SUFT/FT) 9&
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A;ibﬂa" SPACLINS JETAEE GuaZiiluo ‘ET)
EPSHyEPSAYEPSS == 1oF, ;'m;oa.urv UF WAdLL, SKYfy ahid GLAZING
TRGunT == TN Y Lo LYITY UF SuaToing O ToisER SURFmLe _CF LiNER GLAZ
Fux HumIZehTal GPZOULAR nc:-tvtu@p JERT LCAL HWuiw (SZE SUN3RY)
Rl = mEFL, LENGTIN/ GLAls nELGAT .
QS - REFLESTL/TY 7m0 o0
ASFAnT = LENUTA/nW OTH
FOox = WALL/REFLeSTER_VIEA FASTIR
Gllo== vENT Discnaxout SOZFF, -
AV JnI== AkbEA UF Ont oW (TUP UR 80TTOM) CF VENTS PER UNIT SMo
OunmZlNG AEA .
ASJIAL== ARLL/ULKZING AIR SPACE FLOW AREA PER UNIT SYh GL. AREA
NoL=2 3 HOHT=8, "~~~
NSohzg . i )
USTnaM=1.5 § CAlx=7.018 5 GRAV=32.2 § THCAIR=Q.015
TLi.T3=93e b Aldr=0s 5 A_F=1.00 5 TbL=00125/12-
rfiGL:g.=5¢5 .
AI*UL;=GG25/12! 5 iF(NéuaEQUI:AI&UAp=0v -
EPSn=0e3 5§ EPSO=0e9 § 2354=2e9Y 5§ TaCUAT=1.0
ReMuTH=L 0 5 HOSIR=Ged 5  n3PKAT=5.0
FO3nz=e 32 (RLINGTH#L o =3CxXTHURUNGTH**2¢13))
wJiuz0ed & AVOAD=3,03 B A30a0L=0.02
ed <2u _ib=1l,NoL _ - . . L e - SO
EP3ui (I3 =EPSLO{IL) =EPSG
IF (KJATAEQ.0) GO TQ 2319 . e s o mme e e e
FOR ULLiAx=UATY HWEATHEK OATA CALOULATIUONS (SEE DATYLY)
Ou0ixnG=3.

TOUMTINUE
KJE.T=1 § KOOUNU=0 5 KCA_C=1 — . -

IF (KlaoCeEQe2) KSINU=L .

CA.CuLnlZ THERMAL NETWUORK PARAMETERS
G 10 (240425U)y KWaltl s e e e e e
SJdiiIndz

WATER haCi

Ad3UNMEY {0 gt SAME AREATASTSLAZING

SINSLE NJUE (NGIJL 1) FUR_3MdA = GWLAZZIIGS START AT NJLE 5

NuJdE 2 I5 ROOM alik == NJJE 3 Iy CUTSIJE AM3IENT . e

NJJE & 45 WRWL/Z0ohZING Al 324uE
wPdx== >Mn HEAT CAPACITANGE (JTy/uE «F PER UNIT SMH GgAZ. AREA)

LaIn== AxLL/GLAZe QLR SPACGE NHUDE _ . - -
JAlxn== THERAULI-CULATION cuntneclion (LAIR TO IC)
Lo== XC0uM mix NhobE (CCONTRCL (iWwdi)

T JeP== UUNNEUTLON UF ULQRD: " N

JHA== CUINECT 3 3ETWESIN SMA SUIKFACE HOJE AND IAlk - 3STARTS

)t‘:gU—d.;a OF CJN:‘\:‘.CTIOI\S T-"\LJ \_}_LAZ_INGO.<_ i R N -
NaZu== JUARER OF OEKIES warie SCOMENTS (SEE HA00HRY HALL)
CPHR=-2 5 SP¥(1)=4PMR : - -
HoCuh=Nol#+s § IF(HGL.LE.U)J:ONN=3 $§ JO=NCONN

NIJuE=NGL#+e § 154G LeLI«0INJULE=3 5 I03HNGLE

[AIn=JALln=s B8 I2=2 $°J0P=3 3 JHASS5"§ N3EG=~T i
VI 0 258

eI aMUT .

‘143\)»\-_&7 AlGL

A3,5UnEl 10 3E SAYME wrEa AS SLAZING .

N3CG*#2 male AUUES 4N SEXLES STAnliING AT _NOE 1. KUJES 1 AMNJ i
NSZut2 arE ME93LESS 3URFACE NudZge _MN3ES#3 IS A00M AIX (SCHTROL) '
NoEutb L5 QUTSIJE aMIIZuT, NScG#5 i3 WALL/GLAL. ALR SPACE. ;
GulAlinGy START AT NGEGHE - - -—r = —wow— e o= s - e L]
[HSUN=- HASQN~Y THEMaL SINJUCTIVITY (3TU/ZAS/IESF/FT) i
TRIuK== WAcw ICKNESLS (FT) i1
VISTERY b Hk;ON YOLUMETRLIC AEAT CuPACITY (3TU/JZG.F/ULUFT) ;1
THACUN=1,0 3 THIZKS18./12, 5 ¥3ouLoP=33. 5 N3EG=w !
VU A EN0S U‘(rHuJi/THIU(l 5 3)N£=Z:'CCN1 %
CPRZiulSPHTnIce 3 UPMRI=CPAR/NSED i
MSONENSEOENG T 5 IF(“G--L.::-G)h\;JNH:‘SV:G""# s JJ—NCJ“\O ;
W JUESNSELHIHG_ s 5§ IF LB eI UINWYOESNIEG e 5 TU=NWILE
LAIASNIZOtY B JALIASHSES*S B Iu=iaeo+d § o Jle=aelrd :
CunTiNvg i

FUx ouiH TYPLS QF Jala .
JAN=NMOE St S5 JoHED :
NJa=1 3 LaM{1)=4g»® '
nHJ3=1 3% IsJo.t1r=1 - - —_

CUtMeCTIUN PARAMETERS ]
sloovhiLdr=L § 12L0n(L)=TAIR+L 5 ACUNI(1)=1,1
Ir tholLeLEs @) L2Cudtid=iaMi(y)

FYE I TRYNCE I ?7
JJ <¢7u J=24J4CP

- - - —ﬁ--n-un---n-n---n‘-—-—--n----u-n--i‘
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L1000 =d~L B 250N WJI=T o ACun(yr=tL.)
WuNL=Cuill p 1F{JeEQe2e0eJdebUeu2)ui=CUN2
unNlJ)=uddyd) = ONi
IHTINMUE
A UG2=1)=yulySa-1) = JSTRN
NEGSPI=UD(JCP)2ULOAD — ——- -
F o ohocaltald) 9y T 31
TouN(Iuind =Llnix 5§ 120NN =L8 5§ ACOMLJALIRI=1,.G
Lovvedaoxtld =t 3 I20uN{Jale*l)3inl 3 ACINJal+1)=1.1
Loohfdaint2)2inlx 5 12000 LJALRSSISTALRYL 3 ACCHIJA IR+ 2) =1.)
L3132 u40 § J2=Jl+NuL=~1
J 230 J=JlyJde
+1.0NU)=u=-2 & L[200N(J)=J=-1 5 ACON(J)I=1.0
INTINUZ ~ — 7 = -~
ZCunty2)=TANM3{L)
I TINUE
JE PARAMETERS
J 300 [=1,nNNUOE - - - -
i(ir=73. 8§ KF(I)=1
JNTINVE
T1uM3(1) S KF(I)=2Z
r (Kndele.EQel) GO TO 320
2aindLotrt e e
J 316 .=2,12
PA(l)=oPMR]
wNTLINUE - - - -
A.CuLars uuaSTAVT;~FOx"TEnDERATUKE-SEPEcﬂ:ﬁT—Uf“—“w“P%oP“
XoJw (1) =C0I3*aVIAU*SOIRT(GRAY *r1onT ) *306049
RGInN(2)22* VAR 3 iuCN(5)=1./(30J0.‘AoOAG)
Rudinl{a) 31/ (ALK AP/ THCALIR+TSL/THUGL)
JHIIANTS FOr mAJGLATIUN UPS .
Rigdin (100 23300/ (1+/EPSAFL/EPSA=14) 5 IF(NGLeLEL0IGITOZ70 - -
R IN(L0) =230UN/(L1./EPSA+L o/ZPDG1 (1) =1,)
If: (l\o.-t&-i) GY 10 3‘00
NO=nGL=L - o e
JI 3Su _16=1,NG .
RuIM(oG+10)=53CIN/{1a/7ZPS5GILIG)+1 . /EPSSI(IGHLI=1.) -
ROININGLPLU) =SSO/ {Le/EPSGI(NIL) #La/EPSA=L W)
Jodn SCURLE _LINFOXMATICH
Tl e (1)23Ti TG 8 WwAlZIM(L)=AZA 3 ALFA(L)=ALF
AoLZ(1) =140 3 NLLZiD)=NGL- S TulZ{Lr=TGL
Jadoll)=ale~cAr{=1,215*Zx¢TG.2(1)) ¢
JHaisGIL1)=CSEPX(1)=0. _ . . 'h
LF (nw3bAerLEsQ) GC TC 370
PioulNil EATrA FOm MASSIVE EATERIUK WALLS - -0 o o 0
Mogn== MUM3ER_OF WA__ SEGMEATS
Adlx== JUTSIDE AIR FILY ZOEFF.
Utrie= ROQA Ty wall U (INCLUDESTANY—INTERIQR-INSULAT-ION}
KAagiaSe= RESISTANLE U7 ANY EXTeX10x WAL, .nbd;ATION
T40n== THEIMAC JOUNJUSTIVITY UF AACL MATERIAL
Trn== Anue TRIZKNESS
d3P == Wice MAT. JOLUMITIIS HEAT CAPACITY
A== Alh.n ARCA/ SMAd SLAZING AxEA :
Jud== WALl TU JQJTILILT JUNNMECSTLdiie  HEAT FLOW THARU JIw IS ADIED
TO TrAT TARJ JOP Tu GZ7 TITAL Qe0AD.
L:u\mh- 3+N>bd+3 5 NMCOE=I0*N3GW+2
"L\:"-J
Ui¥n=led 5 nWinS=0s § JWOQUT=Le/(RWHINS#+L./HAIR)
THOW=UeB8 b THKAZL1 .0 5 V3Pn=30e 5 AW=24u7
CPANZan®*THK 4% yoPH B GPYAl=2PHA/ oG A
Col=isGnrn®*Traun/Tnkd 8§ CC2=2.*CC1
J=Ju+l B ILCCON(JI=IC-3 12008 (U)=1u+t—3aCON (J) =AN
JJ (U =UN (d) =USMA
JJ2=hoGA el
JJ 854 JJd=1ydu
JEJUrddrl p [(=10+)J
2100NCU =L 5 12000 =T¢L B ACOH (J) =aM
Wia=2C1 3 IFLJUJeELaleIRaJUEWLII2)CSI=CC2
UuJr=udidr=oLl
CuNiitvE T T T T e e
JaJutnSonwed 3 I=10+MS bHe2
ILSuntJdr =l 5 I20UH(JI=TAMa(1) 3 AUON(J) =AW
Jidla)=ud (J) =UnddT 5§ JGH=y
T1=,0+1 B [23IJ¢N3GNW+2
93 $o6G I=11,12
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T(.)=70. 5 KF(I)=1
AaF (LetBOQeliledNnaleEuel2) SU TI 3560
-'r"\(;)zur’ﬂhi
_CJ‘«'TL“L_IC.
Ead LATE}ION MAale CALC.
GINTINUZ o -
IF (KAdA-LeEde0) GO T3 #11
IF (KLU eNMELL) GO TO 62'3
FUL woL3TANT CoEFFICIEnlS UNy LD
TxErz70s 3 TRFUNZ=RAUFNITREF,TREF,y TZERD) -
Jnlnzle 5 UuinCZGs 3 nallze.d
IF (hNoLabLTeuw) GI TO 333
U?4(1)='\_i](1)_=HAI'.':J‘RCCN(la’"T:UNC
LF {=ESN1e0TaGe01) UN(L)=La/ (La/7UNL +IESN{)
5J [u ¢1C
CJHTINUE .
Uit lunar) SUICIRIR)I=UCIRS
Aol ZUGCImAYSUNLINL 1) SUGLJWA#L) SUAIR - e e e
Uil =l () =xCuN(L13)*TFUNG
JLzyni+2 5 J2=JmAENGL 3 <x=10
CIF iNOLLL.EL.1) G3 TO 450
J3 390 J4=d1,d2 .
, Aa=Xx+l 53 IL=I1CONCJ) § 12=I120CN(Jd) } S e
As>Unz SPACE BETwEEN GLAZINGS TUOJ SMALL. FOR CONVECTION
U lI)=0d () =KL ONIRA) *TFUNC #5300 (&)
CONTINUE S .
SJIHTaNUE
KA=ZLG#HIL 3 J=J2+1L 3 [1=I1CINI(J) 3 =[2COoN ()
TUNCIIEUD () SRCONIRXI*TOUNCHH4ALR
IF AnISNIWOTeded1) UNIJLI=L /<ESND
CINTLMuUL . — o
OPAQJUE INSULATION UN QUTSIVE OF S0UTH MASS WALL (RSMAZD)
I.F ("J"’ﬂ;o;_iuool) \'JJ Tg "23 - b M - =
HoOWHENCONTEL 5 HNILE=NNOLEHL
Liountdnwal=2douni{1l)=AN3Cc
JINCUNN 5 I1CoUNUUI=L 3 1200NtTS) =i CE S—ACONCY =1 0
JinluysUJ () =1 /nSMAL’
KF(nMLuEd=l 8 TUNNUDOED=T70. . . - -
I3J0 1) ZNNOJE
CINTInye
END PFIIB-EM OATA
PIINT CATA _ ) o
IF AKAmoisEQel IR KWALLeEQed) PRINT w4y INCATE,ULIAO -
F (snalliedi2i PAINT 330, INuATE sULUA)
Mol ,Iu,C_Pﬂ(I.L)
LF {RAEDIPReEGed) GI TO 433 -
PrInNT +50, (J,llCUH(J)o;?CuW(J)yUO(J),UJ(J),AGQN(J),J 1,y NCONN)
Pl -07..' (I1AM3(J) yd=L4NJA)
DLl 930, (J.LBL;L(.U.\L:‘..d(thI'.T(J yAXZ i ﬂ(J),A"FH‘J)',AQ;ZfJ),
lJ-u.w(J),u;cR.x(J),Tb~Zl)),D-‘_-5.>(J)_.J=1,NJS
.".\-AOT -"331 HM»,\y:C,Ar:*ly‘\'s:Gngl\_J,.JCAYl,Ll\WQ)\’U-!L|.)v;\ AT’-,!(aSL.L'
%(CA;C s KGELT pXSUNU aNSTny AAUAS LRV CHT ydoPyJdunydnieinily
Jrasx
PinT 500y UHUONV s ALAT gy ULONGeRINHIEA9TMORNSTEY E{yTZtQCoUDN%aAoRhQ,
1EA,F—«;},fO..T,T'L;f_lu-H,TS.‘!INJ,TiL.TG..«lIMC,:(ﬁOJ,FAG“AL..I..».u:THVJhTrhCK
2 \/J-Lf"'JLU»\\J,-‘(‘C.?HLOKLNST"1R10:‘;\1ASP§HYQFCSK’CPHF1‘:‘)ﬂ Wi
IF (Nsunent o) Q0 TO 3G - oo mm =m0 = s s e
Pl vl 510y RAUINSyINUUT s THC Ay THLKN S VSP AN
CUNTLNUE
FIWMAT (/9lHdaTESR WALL = PI< UNIT AALL AREA - [NunTd=la154)
16ad_L=D=2F0b. 3) ) .
FA T (/2nTMIMSE WALL = PIn UNIT WAhco AxEA - NCATE=IoyS4
10:4J.0ud=FBs 3)
Flimnd (2241 CIONUUCTANTE (unntolIuNISrzul1rnd ) 32,201, 38y2HI2y354y —-—
12A4Jus LOXNyZHUN e LAy 400N/ 3Ly 3cilet))
Fuxcinl (/4291 mM3LE0T T APEXSTURE HUJES/ 4L, 241=,1675)
FO<iad {154 S>U0ua=x HC:«T 33\J:.<:Eb/'?f\'/'{.) IJC-,I\'4"‘f.u~z,2x;w“’l;&.rqur\
LyodnnldIide3asennlFas3asstiulychasonuttdalisyay 3000ocPrpSXywrlondy 34,
2"!“3»43/(3;_')9(:FI'OZQT‘70‘11F7029‘0"-(0~0)’ .
Fo il (/eny2rt3tiasOX 9 2HLCr3A 15T LME 90y »rdNSZ0 S Ay JHIMD 93K
1 D"‘mu;o'ilvﬁ(’sn&lHAK,.‘A)D.“U.'\'ETJ,SA,DH!(JAT»\
+ /\’-; e R memm h m e em - e e A e e 5 e — o ———
¢ 7 3AsoHKRACL 9 3A s IHKTALS o 3L )9 HADE LT 9 3R 35AKSUNU A e HISGAy 2R
: /;nr.Uxb-,Jxoai<lErT
e
* /5A3ICP IR IICHIORy 3HJAN gy Xy 9 HLIAIRy 2L s HIALR
VENY . i "
FA1rtal (/75€,6HQ4CTNVIO 9 HA_AT 93093 H0LONT ¢ T Ae 2H I UE AP OX s SHTIHORN,

~<




N L LT sy R iy VPR

o 0 9 0 ¢ 9 6 9 o0 O 6 e o o

]

m

17\'JHI&IEN/UEIZ.#{SKvE‘(TZ P"’.J'uA,uan(-"Aa,JAoSP‘h\HL,ikya(FA'!.],\,
Zsﬁl’hvo‘-‘kv*f"lO»T’&CiZo‘*/:_‘( .?HTv 1‘.14pOA"J’1T:"|: ToeJA y)'*lALTCv:’A,
39"'.&&""'7*'5”‘-‘1:)\49JAI"ﬂr;‘Ublot‘l lawl DA AT CAARDy 2R 21T A
qJnTn‘,K./Ao:HVJ.SP.TK.;HJEJJJ./A.;wu~J{ /o2 ilew/s A LNGTH,BA,
354N 0% g TAgOFASPr al 95Ay 1" UMy Iy atoPdxs 3 ey cAad Y./ 2EL20 4)

510 FIRIal (/YA 2SHRAINS»7 4y 9AUdSUT y7TAyaHTHC A 34y wdTHR Ny 3X g &N ISP WYX, ~

L2itan/cElle)

AT/ 3LRI LNV NF g NT o NHMAX !
1 (Iuﬂ.\'&f’(i;olr“-&l\’VNt.:U\ykg'.‘iir
Cutiuh/auaAd2/nTamcy AT oSy o
L otoyMoly YRy tMUy el AY L INLAT
COUMAUN/BLAJE/T(3C) o TOUS3)yoPH(30)4,35(57),3P(335),200083(83,50),
L 0Cut50) 9 dfFalUld) o ExXIT 23 ,FfNI2092d92) 3yFulnd, 50,2} -
SO/ SUmnae /0 20450 «34201435u3<xo2{308),3452,2(53)49352C0IN1L{5T),
1 aJub‘;Z;:G)vQ‘JHI,GJC.-_JA%T.JA&.’-"AHé,Qi-‘N.‘JTZAN
T CUNMUN/ ILAYS/SUIKT » QO ANy dOLTIL FICy FRAUT

1 PI)T‘”Z}\)\JLGNQJ)TZ}IAJ&,L)Jcr'f;‘/\‘rﬁ;N'TJA{,FACI'REHAI.\J
GJﬂnVE{S.guo/q3<;(55)'JZSN(ﬁu),AuLZ(lJJ).340121(1&&),
1 5301220800 9 TUINy ToMAX s TNy TU Al TCHAAN, TCHAAD, TCOCL
CIMNMUN/ ZLndT/TPERUGAY SNy Tamdpd oniin
COMASH/ B mUB/ iU g ICPEI (L L d0AT s InTay 40001y ALAT s L ING,y - - -
1 QL.\C:_'_K,TU-lqu\:'COS:JE:'S;N.}Luvb.LJ-.Ar":CdL Tydor
2 AR It sl UT yREAUT Ko Ul e 10s 1Ll 4y in2

~ T CUNILN/3LADY TAULST ), VL 240y AU Uu )y RAULI DI NISHYISCUtiS )
1 TLoTUL2) v WAZLMULo) h A0 2015 yron J (L5 aNIS T AMa(L0),
Z o marmlLl3) gy Unniiol15) 3 33IP<lLo)Tol215),0A35113) 2S00 R{29)
CJ"J.”I\J.\/SLAUIQ/‘JJN*-Q:\Q rIIFF D) 9CA!‘§."1'JOTZ:_:&J’ .
1 ONGUMNY a1 Un(L30) 9200 230 o Ul Lul) wa0 {132,000 10)),UN(L9T)
duih')u'f‘/jgfu]il/rlgi.r\;)-‘AZIHGgR“Uuyub;‘T:vJ;:iT\:yps:)CdeuSv-‘ESNI? —-
1 JCI’;‘(NJ _
CudiUN/TROMOE/VOLE yREON(53) 9 KIZuTy ITALIRy JAIR 9 ALNGTH,RPOSR,

Tl ASHART o FCSKydnm g TRCORT yUUAy KKWALL ™ - m o m— e e
CuMiiias cOF L oo/ I5mCPmy 3Ly LU g aP<ediTH, IPRINTI o IPRINT M4IP3 My KHEQPR
SIAMLI/ i MEU/ ARAREA (L5 ) y s W mnXEALLGT) -

G/ TIAE o/ THLOAT s THORy TEVEN uEL TL, JEL T, TIME
OlMenslaN NVD(2)
c e -
G
C
c T INTeGEXR LAY, CAYL,DAY2, ¥R OATEUNITS
TOMLANSTOMING B TOUMAA=TIMAIN L
ADL=INoaTEZLYCIS 5 oA r=THJATE/ZL10G-M01%133
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NPPENDIX 4

PASOLE: A GENERAL SIDMIULATION PROGRAM
FOR PASSIVE SOLAR ENERGY

by

Robert D. McFarland

ABSTRACT

The PASOLE computer program was developed to do simulations of
passive solar heated buildings. Modeling is done using a general thermal
network method that allows for heat sources and thermal storage, Sun posi-
tion equations are used with a global-to-direct solar radiation correlation to
develop solar heat sources from measured insolation data. Models of a par-
ticular class of south-mass-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 uniform temperature regions with time-varying
boundary conditions and heat sources. PASOLE was designed specificaily for detailed analyses
of passive solar heated structures and includes algorithms for caleulating solar sources in a
general way. Because of its zenerality, PASOLE can be used to simulate hybrid or active solur
heating systems. The PASOLE format allows the user to describe the thermal network medel by
specifying ncdes that represent finite regions, connections between these nodes, and parameters
assoctated with the nodes and connections. These specifications are made in FORTRAN sub-
routines in the program. PASOLE is not a standard "user oriented” prozram: that is, to use the
program for other than the specific models for which it is programmed, the user must have some
knowledge of heat transfer principles and FORTRAN programming.

In describing the program, we will refer to a particular class of south-mass-wall (SMW)
passive solar heating svstems—the netwerk models for which this version of PASOLE 15
programmed. Althougzh PASOGLE was not written specitically tor these particular models, thev
have been used for extensive parametric analvses and serve as an example of how simulation
models can be created. For these madels, hour-by-heur simulations for one full year, using real
weather claty, take about 1 mnin of central processor (CP) time on the CDC 7600,

Most of the variables in the ;. cgram are given in Appendixes A-C. The FORTRAN listing in
Appendix D) includes numercus comments. A sample output is given in Appendix E.




THERMAL NETWORK MODEL OF PHYSICAL SYSTEM

The svstem's physical and environmental steucture is repeesented by a network of N nodes,
each representing a region of unform temperature. Fach node mas be connected to any other
pode by a thermal conductance K, such that the rate of hieat ow from node i to node j is linear,
Q.. = Ky (T = T). Each node may have a heat capacitance M and a heat source rate . The
source rate I may be a linear function of the node temperature ¥ = § + B-T.

The heat balunce at any given node [ at time tis

£ oK., (T.-TN + M, (dT/de). = S, + B.T. (1)
oy g ( i i (d1/ )1 i it
J=
where j denotes each of the other nndes in the network system, Many of the K,)'s usuully are zero,
but K, i3 always zero for j = 1. Many nodes have no heat source term (S, = By = 0) and many
have essentiallv no heat capacity {(M; = 0). When the node is massless its temperature is not
A pacity

directly dependent on its temperature history, so it vequires a slivhtly ditfersat mathematical
treatinent, as shown below,

By reacranging Uq. (1) to ohtain the time rate of node temperature change (dT/dt),, and by
separating variables and integrating over the time interval from t° to t, we obtain the node tem-
perature change over tinie increment At by

. ft S8 T, i‘ t Ki.< 1 4
T, -T. = , t + f SRR N A 2)
1 i £o H1 gl o Mj J i

7
where the superscript zero denotes condirions at the "old” time, 1° = t - At
The average values of the integrands are nssumed to be a linear function of their va'nes at
times t° and t. Letting [ he o zeneral integrand

ot —
—
(0%
cr
1
—
>
(s
—_
10
Py
=

where I = {1 + (1 = ) [°. Although { may be varied in the program and may take any value from
zero to unity, u value of 0.5 usuvally is used because it is the most nccurate and results i stable
solutions, '

Some nodes, such as outside air temnperature, have "fixed” or known temperatures at a given
time, whereas other nodes have "varinhle” or unknown temperatures that must be determined.
Let NV be the numher of variable-temperature nodes, NF the number of fixed-temperature
nedas, and Nothe total number of nodes By tnserting the inteerand approximation into P, (0
and collecting terms that contain the unknown T, the varable T)'s, and the constant terms for
each of the NV vuariable-temperature nodes, we obtain a set of NV Linear cquations with NV
unknowns,




= . = A

z G TyThy s d=a, )
3=

where

iJ J
i
iy = Mi/et + f :‘: K1j - 2y) ford =1,
J=1
and
. NF
b, = My T /ot 4 f (s] fEK TJ>
J=1
[+] o [.] (o] l‘{ o o o
(1 -f) (:-1]/?.1‘)[31. +3. T+ J__:] Kis (T - T1>] ,

from Eq. (1), and { cancels out of the cquation.

SOLUTION

Temperatures are determined using Eq. (3) and a standard linear-equation selving techninue.
In this case the Los Alumes Scientific Laboratony's (LASL) Ubrary routine LSS wus used to zolve
the variable temperatures, alter the values of the a and b arraws hud been determined. Because
many of the variables used to determine the a and b arravs can be functions of temperature, thus
making the problem nonlinear, an iteration loop is provided at each time step to obtain tem-
perature dependencies whers the temperature determined from the previous time step is not
satisfactory. This preblem arises particularly for natural convection (thermocirculation or ther-
mosiphon) connections and thermal radiation connections.

IV the coeftrcients oy in Ty GO are constant —meaning the conductances are constant-~the et
of linear equatinns can bw solved at the beginning of the program run, This results in a set of coefs
fictents ¥, such that the vode temperatures cun then be determined by




where the b arravs are as described in g, ().

Uise of this option can reduce computation time considerably for mod=ls with numerovs nedes.
In PASOLE, fonur sets of F)'s are calculated — for davtime or nighttime operation with a lixed ur
Noating "control nede” temperature.,

CONTROL TEMPERATURE

A particular temperature, such as room temperature, is monitared by a control node to main-
tain it within prescribed hounds. At present, only one control node is allowed. When this tem-
perature is within the prescribed bounds, the control node is a variable-temperature nede and no
auxiliary heat source is required. When the control node temperature goes heyond a temperature
bound during a time increment, the control temperature is fixed at the bound and an suxiiiary
heat source is calculated to maintain that temperature.

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

When the operating made 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 (sonrce) and
negative (<ink) auxiliary heat sources are made. The sink (ceoling) calculation is divided 7 imrher
into "ventilation” and "auxiliary” cooling, depending on whether the cooling nceurs whert * 2 aut-
side air temperature is below or above the control node upper bound temperature.

Running sums also are kent of the total heat into and out of individual nodes, the total node
heat source and sink other than auxiliary, and tota! connection hear Mows. Far bookkeeping pur.
poses the auxiliary heating or cooling of the control node is not cornbined with any other sources
for that node.

THERMAL CONNECTIONS

The most cemmon thermal connection is the "UA” type .
K.. =
i3 U Ak ; (6)

where U, {5 the overall heat transter coetficiant for connection k hetween nodes i and j. and A is
the heat transfer area of connection k. Manv modeis have an advection connection thit results
from thermocirenlation. The alzebraic form of this connection conductance depends an the
assumed temperature distributions in the legs of the circulation path and the relation between
the temperature distributions and the temperature of the nodes that represent these legs, A com-
mon example is a Tromire wall collector that has an advection connection between the room and
the heated air space between the wall and glazing, 1 itis assumed that the temperature distribua-
tion in the air space i3 linear, such that the aie space node is at the arithmetic averaze of the inlet

4
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and outlet temperatures, and that the room air is iully mixed, the thermal conductance is given
by Iy = 200,07, where (, is the air specific heat, pis the air density, and ¥ is the voluwmetric air
flow rate. Because the value of ¥ depends on the average air column temperatures, the thermul
conductance is highly temperature dependent and iterations are required.

In the example moadel for a Trombe wall, the thermocirculation flow is calculated by

v o= Cy A, VAW aT/T, M
where

C, is the vent discharge coefficient—taken to be 0.8,

A, is the area of one row of thermccirculation vents—top or bottom (assumed to he the same),
g is the acceleration due to gravity.

H is the air column heizght,

AT is the difference between the average temperatures of the wall/glazing air space and the
_room behind the wall, and

T is the average 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 tlow resistance from two rows of vents in series, assuming the vents are
the dominant resistance to air tlow. The equation must be modified if there is another significant
flow resistance, such as that to flow in the wall/glazing air space.

For problems involving one-dimensional transient conduction, such as in thick masonry mass
walls, an adequate model can be made using several internal nodes in series, in which each node
has a part of the total mass associated with it, and massless nodes on each surface. The nodes are
connected by appropriate conduction UA values in the direction of heat flow. Other schermnes in
which each node has some mass associated with it may also give good results.

INSOLATION

Anyv node may have several solar heat sources with various insolation areas, glazing tilts and
azimuths, nuwmber and thickness of glazings, and solar absorptivites. In some cases, the ap-
plicable external insolation is read directly from tha weather data file; in other cases, the weather
data insolation is for a horizontal surface and a correction to the insolator orientation is required.
Also required are estimates of reflected insolation and glazing transmission. The equatiens used
to determine the insolation on an intermal solar collector surface are given in Appendix A {mest
of the 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-ALFA, o

i
where QTRAN is the solar flux transmitted through the glazing, AGLZ is the area of absorbing
surface associated with node i, and ALFA is the zolar absorbtivity of the surface. Solar racdiation
not absorbed by the surface is nssuined to be lost; that is, internal reflections are not accounted
for.

In the present PASOLE model, glazings of the primary solar source are represented by nodes.
These nodes are given heat sources equal to the solar radiation absorbed by the zlazing, The
model could be expanded to allow for heat source nades in the glazings of all solar sources.
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PHASE-CHANGE MATERIALS

Becuuse temperature is the primary dependent varianle, it is not convenient to handle heat-of-
fusion as an tsothermal enthalpy change. Problems involving phase-change materials have heen
solved by representing the heat-of-fusion as an increuse in heat capacity over a given tem-
perature range of about 10 to 20°C. Fur these problems the heat capacitance hecomes a
temperature-dependent parameter.

PROGRAM STRUCTURE

PASOLE consists of a main program, seven subroutines, and one tunction (Fig. 1). All but
one (COLLECT) of the subroutines are called directly by the main program. In addition to the
PASOLE subroutines, several routines in the LASL computer library also are cailed by the main

‘program.,
fud

Three time step loops are set up in the main program. The outer loop advinces the imoath. the
next loop advances the day of the month, and the inner loop advances the basic time
step—usually 1 h. Another loop inside the inner time step luop is used for iterations, it required,
for temperature dependence of the coetticients. Coefiicients a,; and b, of Eq. (3) ar2 computed in-
side the iteration lnop. Equation (3) is solved using the LASL library routine 1.8%, or the te:n-
peratures are determined directly by solving Eq. (4). [f any of the calculated nade temperatuces
deviate from their previous iteration value (or from the previouas time step, if the first iteration)
by more than the specified value of TOLT, another iteration is made using the calculated tem-
peratures as the new values. The iteration process continues until convergence is reached ur until
[TMANX iterations have been made. If cenvergence is not reached the run is not stepped. but the
output counter KERR is advanced by one.

If the control nodz chanzes eperating mede (from fixed to variable temperature, or vice versa)
during a time step, the basic time step is divided into two or more smaller time steps, but no new
solar/weather data are obtained.

At the end of each time step, heat flow sums are updated, variables are set for the next time
step, and film file variables are set il graphic output is to be obtained. After all the time step
loops are completed, the summary output is made. For parametric studies the entire program is
put in a "problem” loop, in which specific parameters are varied.

SUBROUTINES

The data required to run the problem and the parameters (Appendix B) that describe the
model structure are set in subroutine INDATA. We alse could use INDATA o read data from
cards or from another file. Al data written into INDATA are given in FORTRAN. IExcept for a
block of default values at the beginning, INDATA probably would be changed completely for
each ditferent inndel.

Preliminary caleulations are done in subroutine PRIME, using the data supplied in INDATA.
Included in these caleulations are the setting up ol arravs of lixed- and floating-temperature
nodes and the determination of the coefticients Ty, of Bq. (1), if applicable,

Subroutine DAYLY is ealled nnce cach time through the day loop. Here, the daily weather
data are read from a data file or are caleulated. In addition, the solar declination and ex-
traterzestril normal solar flux are computed for the current day. Weather data required are the
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PASOLE main program.
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total solar radiation Nux on a knoewn tilt (QHD) and the ambient aie temperature (TAD) . Alsa
usetul s the wind velocity (VELD), I there ure Nxed-temperature nodes other than the vutaiie
ambient, DAYLY s a convenient place to enter the temperature data for these nodes. Because
weather data formats are different, this subroutine probably will have to be adapted to the pac-
ticular data set being used.

SUNSRC caleulates the heat sources from solar radiation absarption. Most of the equations in
Appendix A are solved by SUNSRC. [f the solar radiation measurements read in DAYLY or= nut
taken on the horizontal plane, the subroutine COLLECT is called. COLLECT solves the tes’
correlation backwards; that is, it obtains the equivalent total horizontal radiation from the ziven
measured racdiation, the tilt (TILTC), and azimuth (AZIMC) of the measuring surfuce and the
assumed diftuse ground reflectance (REHQC) pertaining to the measurement. The computed
total horizental radiation is then used to proce=d with the caleulations. Different optical svatems
than those assumed here (for example, one with internal reflections) would require changes in
SUNSRC.

Model structure parameters that should be furnished by INDATA, hut that are temperature
and/or time dependent, are caleulated in subroutine PROP, which is inside the temperature
iteration loop. PROP is called just before the solution of Eq. (3) for node temperatures is ob-
tained. This subroutine, like INDATA, probabiy will require changes for each different moiel.

Subroutine CONTROL determines whether a change has taxen place in the operating mode of
the control node. If a change has taken place the flags KICHNG and KIC are set, the fixed and
variable node number arrays are adjusted, the time at which the node change occurs is deter-
mined, and temperatures at this time are calculated by linear interpolation. A new time incre-
ment is then determined for the remainder of the original time increment.

Descriptions of the variables found in the common blocks are given in Appendix C,

COMPUTER SYSTEM REQUIREMENTS ’

Most of the LASI Library routines, such as DATEL, CLOCK1, LSS, SPLOT, PLOT, and
DLCH., will have to be replaced by local equivaienrs. DATEL and CLOCK]1, which merelv return
real date and time values for output, could be eliminated. SPLOT, PLOT, and DLCH ure used
to make SC-4020 CRT tiles fur graphic output, [fno equivalent routines exist or if graphic output
s not required, that section of the program may alsv e eliminated. The routine L3S, called from
the main program and from the subroutine PRINE, is used 1o solve the set of linear equations,
Eq. (3), for the T,'s given the coefficients a,, and b,. Any computer facility of reasonable size
should have sofiware equivalent to LSS,

PASOLE requires a tield length of 57 000 actal words for compilation and 122 000 octal words
at execution inctuding all ltrary routinegs. No attemnpt has been made to minimize the corec
memory. The problems shown in Appendix E and in Frgs. 2 and 3 require { to S min of CP time
on a CDC 6609, or about 1 min on a CHE TEUY, tor a yearly calculation. Using the linearized
method of Yq. (4), the execetion time 1s reduced to ahout 1.3 min on a CDC 660U,

The loaders used at LASL automatically clear the registers, a feature used in PASOLE
provramming. Not all cornputer systems are <ot 4D s way, so it may be necessary toomdie
special provisions to clear the registers. There are other difterences hetween the CDC FORTIAN
and other computer systems, such as multiple replacement statements and packed FORTRAN,
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Water wall model with massive exterior wall (KWALL =1, NSGW = 2).
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Masonry wall model (I({\WALL = 2, NSGW = 0).

MODELING RESTRICTIONS

For simulations in the southern hemisphere, changes to the solar angle and time equations are
required. There are no restrictions on initial temperature conditions, but a small heat balance
error will be observed 1f the initial temperatures are not in equilibrium. The initial value of the
ambient temperature(s) is set to the firet weather data values in SUNSRC.

‘I'he nuinber of nodes 1s now limited to 50 because of dimenasions. It more detail is required, a
different tvpe of simulation program probably would be better suited. The computer time re-
quired is approximately proportional to the square of the number of nodes. A model with 70
nodes takes about 40 min of CP time on the CDC 6500 for a vearly hour-by-hour caleulation. This
time could be reduced considerably, however, if the linearized calculational procedure, Fqg. (4),
could be used.
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SRAMPLE MODYLS

Built into subrottines INDATA and PROP of the present PASOLE version are two types ol
south-tmass-wall (SNW) passive solar heating systems: (1) Water wall, in which the thermal
storage and absorher wall are assumed to be isothermal and, therefore, representable by asingle
node, and (2) Trombe wall, in which the transient conduction through the SMW is modeled by
several nodes in series assuming tire heat tlow is one dimensional, Fizures 2 and 3 show the ther-
mal network representation of these two tvpes of 3V svatems. Wall type is selected by setting
the flag KWALL to 1 for awarer wail and to 2 for a Trombe wail. Thermocirculation of warm air
from the wall/glazing awr space (nto the intenor spuce is controlled by the ag KVENT, whichis
set to 0 for no thermocireulation, 1 tor unlimited thermocirculation, 2 for backdralt prevention,
and 4 for thermoestatic control of the atr tlow, The inmber of glazings mav be varied by changing
the NGL value. The number o1 seuments in the Trombe wall may be varied by changing the
NSEG valae,

The hasic models have heat capacitance associated only with the SMWs. However, it the
parameter NSGW is nunzeco, an additional heat fow path is modeled through NSGAY segments
of a massive external wall, as shown in Fig. 2. This vne-ditnensional keat flow path, like that
through the Trombe wall in Fig. 3, consists of several internal nodes that have the wall mass
associated with them and massless nodes on the surtaces.

Parameters peculiar to these models and used only in INDATA and PROP are explained in the
Appendix D program lsting. The INDATA listing in Appendix D) shows the first block of dara is
the set of detault values for varions "Program Variabizs." Here, program vaniables are defined as
those set in INDAT'A and PROP that are needed to run the program-—largely those listed in Ap-
pendix A "Model Parameters” are defined as those used strictly in INDATA and PROP toset up
the spedific muodel, that is, to caleulate values of the program variables,

After default values are set. the specific made! programminyg begins with the setting of values
for the inadel parameters. These values are most often changed when muaking parametric sindies
with the muodel. More mode! parameters are set further down for cach wall type. Program con-
nection parameters and node parmmeters then are evaluated using a methedology developed for
these models. Next, conatants u-ed in PROP o evaluate temperature-dependent conductances
are calculuted.

The optional massive exterior wall is modeled for NSGW > 0 by adding nodes and connections
to those set above, Next s a section for Huearizing the model completely, if so desired, by
caleulating efivctive constant conductanees for all connections. This linearization must be done
if the simplilied calculation (KCALC = 2) merhed is to be used, as explained in PRIME.

A provision for an outside insulation node on the SNV is used iostly for nonglazed south wall

caleulatinns. Finally, an autput lisning s made for many of the model purameters and resulting

prograin variables,

Insubroutine PROP the volumetric thermocirculation flow rate is exlculated for KVENT non-
zero using the previously caleulated temperatures, atter which conductances based on this low
rate are comuuted. Radiation and convection conductances between glazings, wall, air space,
and outside air are calculated, again using the remperatures ohtained from the previons itera-
o, e tinad section of PROP, wohich colevtates valies of program variables U, COND, and
SCON, should be retained regardiess of the model chosen. Fven when all conductances are con-
stant, these {ast calentations are made i PROP. Only the night {(UN) and day (UD) values of
conductance are set before these last caleulations are made.

/0




SAMPLE OUTPUT

Appendix ¥ shows output listings obtained from running the Appendix D program with the
specific model parameters of Figs, 2 and 3 and using Los Alamos weather data beginning Sen-
tember 1, 1972. The first line of each listing in Appendix E gives real time and date, and the
second line pives the model starting date. Parameter values given for "conductance connections”
are connection number.J; node numbers [T and 2 (ILCON und [2CON) connected by connection
J; and UD {day) and UN (night) values of conductance in Bru/h-¢F.12% consistent with ACON,
which is the connection heat transfer area per unit SMW gluzing area. Positive heat Tow in eon-
nection .J is from node I1 to node 12. Some of the conductances are shown as zero in the listings.
The zero value usually means that the conductances are temperature-dependent and have not
Leen calculated in INDATA.

Ambient temperature node and solar heat source information is given next. Following that isa
block of integers and a block of real variables, which are a combination of program variabies and
model parameters whose names correspond to thuse defined in Appendixes B, C, and D. Excent
for the first iine in the listings, the informuation is generated in INDATA when the flag KHEDPR
is nonzero.

The summary table, always generated at the end of the probiem in the main program, gives
monthly totals.

DEGDAY - heating degree davs

QouT - heat loss back through SMW zlazing
QHEAT - auxiliary heat required by the control nede
QCOOI. - total cooling required by the control node

QSOLAR - solar radiation absorbed in primary solar source

QLOAD - building heat load for other than SMW

QACL - auxiliary ceoling required

QSINC - solar radiation incident on glazing of SMW

PCTSOL - percentage of solar heating defined by PCTSOL = 100 (1-QHEAT/QLOAD).

Headings given in the summary table ara MTIME: total number of basic time increments (hours
in this case); NSTEP: total number of time steps calculated; NCALC: total number of tem-
perature solutions (including iterations); and KERR: number of converzence failures.
If IPRSM is nunzero, tables of the individual node and connection heat flow sums are printed.
I
These sums are defined in Appendix C. Heat {lows are given in Btu/tt? of SNW glazing.
In addition to the printed output, craphic output can be obtained using LASL librarv routines.
i ! ) H H [} .

Graphic output is generated starting when DATR s equal to 101 through the day before 102, Ex-
H i & 4 1 : A

amples of piots for the model of Fig. Jareshown in Appendix E (Figs. E-1and E-2) {ir the ;ame

Los Alamos weather data as ahove, December 31, 1972, through January 6, 1973: (101 = 1253172,
102 = 107731, Figure -1 shows the time variation of the temperatures of nndes 1, 6, 8, and 7.
Figure [2-2 shows the rate of solar radiation absorption in node 1 (the primary solar heat scurced,
the rate of heat flow through connection 8 {the Eeat Inad), the total heat flow into the room
through connections 7 and 3, and the cotal heat Toas from the south side through connections |
and 11,

Further results obtained using PASOLE may be found in Refs. 3 and 4.

11
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APPENDIX A
FQUATIONS I'OR SOLAR RADIATION

. Salar declinatien (deg)’

DEC = 23279 = cos {30 « (MO = 1 + DAY/S2 = 501
where MO = month of vear (MO = 6 tor June, ete) and
DAY = dav of month,

. Extraterrestsial nermal solar radiation!

QSP = Al — A2 o sin (o0 = (2721 + IDAY), 5],
where Al = 126,03, A2 = 13.50 for QSP in Kiwh-f?,
Al = 134681, AL = 4256 for QSP 0 W/nd, and
IDAY = day of vear.

3. Equation of time (FEOT) is given in tabulae form, one value per month (min)

MO 1 2 3 1 ) 6
FOT  —-112 -39 =75 1.1 330 =14
MO 7 8 Y 10 18 12
RO ~62 =24 7.0 150138 1.6

tCurve fitof datwn el 2bhv] C Hedstrom,

—_————
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Solir time (0

SUNTIME = TINME + FOT/60 — DLONG/S = 0.5,

where TIME = local standard time, and

DELONG = ditference between local lungitude and standard time meridian {(deg).
(0.5 is subtracted when insulatinon data are averazed over the preceding hour))

. Hour angle (deg)

HR = 15 » (12 ~ SUNTIME)

. Critical hour angle thour ang'e for which solar azimuth is 90°)

COS(HRCRIT)Y = TAN (DECYTAN(LAT)
with constraint that 0 < COS(HRCRIT) < 1.

. Sun altitude (deg)

SIN(ALT) = COSLAT-COS(DEC)-COSHRY+SIN(LAT}-SIN(DEC),
where LAT = latitude dey).

. Sun azimuth (dey)

SINIAZDY = COXDECY-SINIRRCOSIALT)

AZI will alwavs be hetween =902 and +90°,

To find the true vaize of the azimuth, AZIM

If [HR] s HRCRIT, AVIM = AZID, and

ifJHRD > HRCKIT, AZIM = (130— | AZD) « AZP ALY

. Boes correlatior® for direct normal and diifise radiation measurements

(a) PP = QH 1Q3P-SINLTY),
where QH is totul horizontal radiation.
(b)y FQDN = 1.76+PP —~ 0.5 with constraint
that ¢ < FOQDN < 1.0,
(¢) QDN = FQDLN+QDNMAX,
where QDN = direct normal radiation and
QUNMAX = 1400 Womd = 317.2 Bru/h-t2
() OQDIF = QH ~ QDN=SINIALTY,

where QDIF = sky diffuse radiation.

Wall/solar azimuth (deg)
GAM = AZDM ~ WaAYl,
where WAZI is the wall azimuth; 0 when facing south and positive when facing east of south.

Wall/solar angle of incidence (deg)
COS(ING) = COSIAL D) *SIN(TILTI*COS(GAN) + SINIALT)*COS(TILT), where TILT

is wall tilt from horizontal—positive toward south, and 0 £ INC < 0°.

Radiation incident on wall feom specular reflector. The equations are only for a horirontal
retlector adjacent to a vertical wall. Fastewest dimensions of wall and reflector assumed
equal. See also 1tem 4.
(a) RLEFE = COS(GANM/TAN(ALT).
I RLEFF > RUNGTH, RLEFF s set equal to RLNGTH, where RLNGTH iz the ratio of
the reflector lenyth (N-8) to the wall height,

13
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(h) DWOW = RLEFFTAN(GANM/ASPRAT, where ASPRAT is the ratio of the reflector
width (E-W) to its length (N-S).

(c) ASR = RLEFF-(1-DWOW.2) if DWOW <1,
ASR = 0.5«ASPRAT/TAN(GAND if DWOW > 1.

(d) QINSR = QDN-ASR-RHOSR3IN(ALT), where QINSR = reflected radiation incident
on wall, RHOSR = reflectivity of reflector.

13. Shading from overhang' _
AFACT i3 the ratio of direct normal radiation incident on wall with overhang to that without
overhany (Fig. A-1).
AFACT = 1 — [OHANG-TAN(BEFF) — OSEPRJ/[SIN(TILT) + COS(TILT)
*TAN (BEFM)]
Constrained: 0 € AFACT < 1, where TAN(BEFF) = TAN(ALT)/COS(CAND.

S

OHANG
OSEPR

B/A
C/A

[

Glazing . 1/
// TILT A

777777771 75dTT 717

Fig. A-1.
Overhang geometry.

14. Total radiation incident on wall (cotlector)

QINC = QINDN + GINSR + QINDF + QINRF.

(a) QINDN is incident direct radiation
QINDN = QDN-AFACT-COS(INC).

(b) QINSR is incident reflected direct radiation {see item 12.d).

(¢} QINDF is incident sky diffuse radiation
QINDE = QDI¥F-[1 + CO3 (TIL'D) ]2
(assuming infinite horizon).

(d) QINRF is incident reflected diffuse—includes ditfuse ground reflection with infinite
horizan and specular reflection of sky ditfuse radiation.
QINRE = QH-RHO=M5-{1 = COJXTILD] - FOSKY + QDIF-FCSR-RHOSR,
where RHO = dittuse ground reflectivity, FCSR = wview factor between wall and
specuiar retlector.
For this retlector model (see item 13)

FCSR = 0.5 (RLNGTH + 1 =JRLNGTH* + 1) approximately.

tAssumed to be anfinite in BV dimension (no end cliects).

14
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15. Transmission throveh elazings
QTRAN = [(QINDN + QINSR)=TRANS-GLARBS + (QINDF + QINRP)-
DTRANSDGLABSIYIRCOAT
(a) TRANS

transmission resulting from surface reflection losses only

TRANS = 0.5«(T1 + T2),

where T1 = (1 -~ RI/[1 + RU~(2-NGL = 1)},
T2 = (1 ~ R21/[1 + R2«2*NGL - 1D},
Rl = [SIN(INC = AREF/SINUINC + ARERY)?,
R2 = [TANUNC ~ AREFTANUINC + AREF),

SIN(AREF) = SINUNC)RINDEX,
NGL = number of glazings in series, and
RINDEX = refractive index of ¢lazing surfaces.
(b} GLABS = transmission resulting {rom absorption in the glazings only’
GLABS = EXP [-EX-TGLZ-NGL/COSIAREDN,
where EX = glazing material extinction ccellicient, and
TGLZ = thickness of one ylazing laver.
(c) TRCOAT = transmission of one glazing coating,
(d) TRANS and GLABS are fer direct or beam radiation. An approximation to the
transinission for diffure radiation (DTRANS and DGLABS) 15 found by setting the
angle of incidence (INC) to €0° in (a) and (b)) above.

tThe variable GLABS in Appendix 1) ts transinission for a single gZluzing laver,

APPENDIX B
BASIC INPUT DATA,

The basic input data must be entered into the program by the INDATA and PROP suh-
routines. Some parumeters have internally set "default” values {shewn in brackets). Use of the
units must be consistent; either ASTIRAE units (Btu, ft, b, °F) or S.Lounits (W, m. s, °C) may be
used with no signiticant changes. Freguently, many of the data are caleulated fromn other inpur
data in the subroutine INDATA, which is executed at the beginninz of the problem. Some of the
data (such as U values) may vary during the problem. In this cuse the data are recalculated in
the subroutine PROP, which is within the time and iteration joups.

(A) Nodes (I)—1 values not necessuarily contizuous, but max T must be € NMAN, which is
currently 50.
KF(T): 0 for no nade
1 for variable-temperature node {
2 for fixed-temperature node
T(: Node temperature—initial values must be specified for all nodes. For
fixed-tempwrature nodes, T muat he speaitied tor all tine steps.
CPM(D): Mass<heat capacity [heat capacitance, M in Eq. (1))
S() Heat source = §tI) + SP (D-T(D) 0]
s} See Eq. (1)

(B) Connections (JY—J values zhiould be contious starting with 1.
NCONN: Number of connections (Js)

15
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(D)

(E

_—

NCON(
[2CONCH)
Uf)('l)} Day and night specific conductance

UNCH

Nodes connected lry thermal connection J

values of connection

ACON(J): Heat flow area of connection

UGD) is set to UDCD, if TMORN < TIME < TEVEN; UN(]) otherwise.

Then the conductance is COND (11,12) = U{H)*ACON{)),
where I1=[1CON(J), 12 = [2CON()).

Soiar heat sources

NJS:
ISOL.(J):
TILT(D:
WAZIM(D):
ALFA(D:
AGLZ(J):
NGLZ{J):
OHANG(J):
OSEPR(D):
TGLZ{):
DABS():

Number of solar heat sources
Node number of solar heat source J

Collector tilt angle from horizontal for solar heat source J (dey)

Collector wall azimuth of source J (deg)

Receiver solar absorprivity for source J

Glazing area for source J

Number of ¢glazings in series for source J
Overhany divided by glazing height (zee Fig. A-1)

Overhang vertical separation divided by glazing height (see Fiz. A-1)

Glazing thickness (feet or meter per layer)
Glazing diftuse absorptivity per layer

Ambient temperature nodes

N'JAZ
IAMB(C):

Integers
IC:
IDPERYR:
INDATE:

101}

1021
IPRSM:
ITMAN:
KAUXCL:

KCAIL.C:

KCONU:

KCTY:
KDATA:

Number of ambient temperature nod=s
Node number of Jth ambient temperature node

Node number of control node
Number of days per year

Initial date fur which caleutatians start—of form MMDDYY,

where MM s month, DD is dav of month, YY is year
RBeginning and ending dates of fourly print and

film plots (102 i5 day after last day)

Nonzero for print of all heat fiow sums

Maximum number of iterations per time step

= 0 for no auxiliary conling (that is, no cooling

when TAMB > TCMAX)

# 0 for auxiliary cooling

1 for standard solution [Eq. (3)]
2 for sumplifted solution {¥q. (1)
see comments in PRIME

0 for variable conductances

1 for constant conductances

see comments in PRIME

Flay for weather data format (zee subroutine DAYLY)
= 0 for daily data (ambient temperature, wind velocity,
solar radiation) read from tape (TAPED)

# 0 for data [rom other source

J

[365]

(0]
[0}
{1l
{1
{13

(]

(0]
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KDELT:

KFILM:
KHEDPR:

MOSH1 )
MOsH?2/
NDAY!L:
NDAY{(MO):

NHOUR:
NMAX:
NMO:
NTIME:

PRINTD:
PRINTH:
PRINTMG

UNITS:

() Real variahles
t\I,.‘\TZ
ASPRAT:
AZINMC:
DLONG:

EX:

I“:\CZ
FACKH
FCSR:
QUNMAX:

QHCONV:
QICUT:
RDIFE(NGL):
RESNI:

RHO:
RHOC:

= () for no subdividing of hasic time increment

# 0 standard subdividing

sce cumments in PRIME

0 for no film plots

# 0 film plots

0 for no printout of INDATA information

# 0 print

Beginning and ending months of summer periad

when nizht insulation operation is reversed

Number of sequential daily calculations if < NDAY (MO)
Number of days in month MO (et in data
statement—it [DPERYR = 306, NIDAY(2) is reset 1o 29}
Number of time increments on each film plot frame
Max number of nodes, that is, dimension

i

Number of successive monthly calculations
Number of time increments per dav: At = t/NTIME,

(1]

[0}

(1]

13,01

{32

[168}
{50}

where At is time tnerement length and t s total number of time

units per day (DELTL and TPERDAY)
0 no daily print

0 dasly print

= { no hourly print

# 0 hourly print

= 0 no moataly print

# 0 monthiy print

= 1. Bty, h, ft, °F (ASHRAE units)
=2:J,s, m, “C({S.1. units)

!

H

Latitude of locality (dea)

Specular retiector aspect ratio (E.W to N.S)
Pyrancmreter” “wall azimuth” (dey)

Lecal Towitude minus standard time meridan (deg)
Extieoon coefficient of glazing marerial {(1t-h)

tn by (2a)

Same as TAC for heat flow intezeals

View facror between collector and s; ecular reflector
Maximum direct nermal insolation in direct ‘dittuce
correlition for measured data (Bra/h-ftf or Wi [317.2
for UNTTS = 1, 100 for UNITS = 2}

Conversion fuctar from weather data insolation

Value of inctdent salar radiation below which night
insulation is applisd

Retlectance of glazings for NGL glazings o series for
diffuse radiation (.16, 0.24, 0,29, 0.33, 0.15)

Resistance of night insulation on conlecter 2F/(Bruthy .25
or °C/AW/im?Y)

Diftuse reflectivity of gcround or other external reflector
Same for pyvranometer'”

ENLRCIsulathion s anphed when TINEE = TEVEN and TINE £ TMORN for winter periiad

tef s ranemeter (or which swearnes dat e msedtaon as piven

[24]
{01

{0}
(01

[0}

[6.0}
{0.5)
[0.5)

[0

{—1x 104

17
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RHOSR: Reflectivity of speculur reflector jul
RINDEX: Refractive index of claczings [1.5241
RLNGTH: Specular retlector length (N-S) divided by alazing heishr {o!
SBCON: Stefan-Boltzmann constant (1.7132 x 10°° Bowh. .2 f

or 5.67 x 10°* W/m.eC")
TBASE: Base temperature for heating degree-davs (63°F or 13°C)
TCMAND: Max allowable control node temperature for day
TCMAXN: AMax aliowable control node temperature for night
TCMIND: Min allowable control node temperature for dav (°F or °C)
TCMINN: Min allowable control node temperature for night (°F or °C)
TEVEN: ‘Time at which "night" starts [17 §|
TILTC: Tilt of pyranometer” (degree from horizontal) (U}
TMORN: Time at which "davtime” starts [7 h]
TOLT: Tolerance on temperature iteration (°F or °C) (1.0
TPERDAY: Number of time units per day [24 h/day or 83 400 s/dav]
TRCOAT: Transmission of coating on inner surface of

inner collector ¢lazing (1.0
TZERO: Difference hetween zero and absolute zero on

temperature scales {460°) or 273°C|

thvrunometer for which weathee data insolation is given,

APPENDIX C '
PARAMETERS IN COMMON

All parameters in Appendix 13 are alzo in COMMON. Starred parameters must be zenerated
in DAYLY {weather data). Routines in brackets are where parameter is carculated.

A(LD Temperature coefficients in Eq. (3) [NAINY
Bi) Source terms in Eq. (3) INMAIN)
CONDILD) Conductance of connectivn between nodes I and J

Ky, in Eq. (1) [PROP]
COSD=C COS(DEQN) [DAYLY)
COSLAT COS(ALAT) [PRIME] . .
CO>TC COS(TILTC) : [PRIME]
DATE Integer date of same form as INDATE

(see Appendix B) [DAYLY]
DAY Index of day loop in main program

(integer day of month) [MATLN]
DAY First day in day loop (integer) [MAIN]
DAY2 Last dav in day lnop (integer) [NMAIN]
DD Heating degree davs [DAYLY}]
DEC Solar declination (deg) [DAYLY]
DEGRAD #/180—conversinn from degrees to radians {MAINY
DELT Current time increment [MAIN]
DLELT! Hasic time increment [PRIME]
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FRRT(D)
FD(I,3,K)

FN(J,K)
FRAC
FSGC
F3S8C

. HRCRIT
TAIR'

IDAY
INDAY
ISOLX(IH)*

TTIME
INFILM
JAIRT
Jcp!
Jcow?
Jwal

KCOOL

KIC

KICHNG
KND

KSHUT

KVENT!

tFor SV madels

Deviation of node temperature hetween

successive iterations ‘

Coctiictents I in Eq. (4) for “day” and “night"

N =1 for IC a variable-tewperature node; K = 2 for IC
a fixed-termperature node

Fraction of DELT since bheginning of time increment

or last control mude change

View factor between pyranometer and ground

View factor hetween pyranmueter and sky

Hour angle at which azimuth is 90°

(For SMW madels) node number of air in

glazing/wall space

Day of year

Initial day of month (from INDATE)

Weather data time offset

(see equation for SUNTIME in Appendix D,

subroutine SUNSRC)

Index of time increment loon

Index of film plot arrays

Number of connection between IAIR and IC

Connection number of nonmass-associated load
Connection number of muss-associated load

Connection number between mass-wall surface node

and IAIR. This is .he first in a sequence of

connections {rom the wall through the glazings to

which glacing conductance calculations are keved

= 0 for no night insulation

= 1 for winter operation

= =1 for summer operation

(see MOSH I, MOSH2 in Appendix B)
Control nade mode indicator

—1 for TUC) at TCMIN limit, QCIN > 0
0 for TCMIN < THIC) < TCMAX, QCIN
+ 1 for TUC) at 'TCMAX Iimit, QCIN <0

0O

+ 2 for TUAC) tixed for all time (TCMIND = TCMAXD.

TCMINN = TCMAXN)

= 0 for no mode change

for mode change

1 for night

2 for day (TMORN < TIMEX < TEVEN)
= KCOOL for night

= ~KCOO!. far day

Nizht insulation is used if KSHUT = + 1

= 0 for nu thermocircuiation

1 for uniimited thermocireutation

2 for thermocirculation with backdraft dampers
4 for thermocirculation with thermostatic control

i

[MAIN]

[PRIME]

[CONTROL|
[PRIME]
[PRIME]
[DAYLY]

[INDATA]
(PRIME, MAIN|
[PRIME)
[DAYLY]

[MAIN]
[MAIN]
[INDATA]
[INDATA|
[INDATA]

(INDATAL

[MAIN]

fCONTROL]

[PRIME]
[CONTROL]

[MAIN]
[MAIN]

[INDATA]
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KWALL?

LF(F)
LTan
LV(IV)
MO

MOt
MTIME

NERR

NF
NPR1,NPR2
NPROB

NT

NV

Pi

QACL
QAHT
QCL2(J)

QCIN

QCINO
QCINT
QCON()
QFACO(I)

QHD(IH)*
QH7
QINC

Qsp
QSRC()
QTRAN

QVCL
QVHT
RrRcoNm!

RIEMAIN
RHInIHY

SCON(D)

SINDEC
SINLAT

tFor SMAY models,

= 1 for water wall madel

= 2 fur "Trombe wall model

Array of fixed-temperature nodes

Array of all nodes

Array of variable-temperature nodes

Current month number (MO = 1 for January, etc.)
The month loop index is MONTH, which always
goes from 1 to NMO

Initial value of MO, from INDATE

Number of basic time increments from heginning
of problem

Number of nodes not cunverging

Number of fixed-temperature nodes

First and last problem numbers

Index of problem leop

Number of nodes, total

Number of variable tempecature nodes

g

Integral auxiliary ccoling of control node
Integral auxiliary heating of control node

Net heat rate through connection J

{positive from node ILCON(]) to node 12CON(J)}
Heat source or sink applied to control node to
maintain temperature Jimits

QCIN from previous time step

Integral of QCIN over one time step

Net heat rate conducted into node |

Time rate of temperature change of node I,
previous time step

Weather data insolation {pyranometer data)
QHD{IH) converted to correct units

Solar heat {lux incident on collector

{primary solar heat source)

Normal, extraterrestrial solar radiation

Net heat source rate in node |

Solar heat flux transmitied throush collector
rlazing(s)

Integral vent cooling of control node

Integral vent heating of control node

Array of constants generated in INDATA for use
in PROP, or just for general use

Remaininyg fraction of basic time increment

A fourth weather data parameter (relative
humidity in some cases)

Sum of conductances (COND) of connsctions ta
node 1

SIN(DEC)

SIN{ALAT)

{INDATA]

[PRIME]
[PRIME]
[PRIME|

[MAIN]
[PRINE]

[MAIN]
{MAIN]

[MAIN]
(MAIN]

{MATN)
[MAIN]
(MAIN]
[MAIN]

[MAIN|
[MAIN]
[MAIN]
[MAIN]

[MAIN]
[DAYLY]
[SUNSRC]
[SUNSRC]

[DAYLY]
[MAIN]

[SUNSRC]
[MAIN]
[MAIN]

[INDATA]
[CONTROL]

[DAYLY]
[PRIML, PROP|

IDAYLY]
[PRIME])
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SINTC
SQCONI(D,
SQCON2(D
sSQcCL2yh,
SQC122(D
SQSRC(D,
SQSRC2(D
TAD(IH) "
TAMB
TBAR
TCMAX
TCMIN
TCOOL

TIME

TIMEX
THMAX

TMIN

TO(D

Ueh
VELD(IH)*
VOLF!
SR
tFor SMW inadels.

SIN(TILTC) .

Integrals of positive and negative values

of QCONII) aver time

Integrals of positive and negative values

of QC12(T) aver time.

Integrals of positive and negative values

of QSRC(D over time,

Weather data—ambient temperature
Ambient temperature

Daily average ambisnt temperature
Maximum allowable control node temperature
Minimum allowable control node temperature
Threshold ambient temperature above which any cooling
of control node cunnot be done by venling. Nuw set
equal to TCMAX

Time of dav in consistent units

Time of dav in hours

Duaily maximum ambient temperature

Daily minimum ambient temperature

Node temperature {rom previous time step
Conductance per unit area of connection J
Weather data—wind velocity
Thermacirculation volumetric [low rate
Two-digit year number

[PRIME]
[MAIN]
[MAIN]

[MAIN]
[DAYLY]
[SUNSRC|
{DAYLY]
{MAIN]
[MAIN]

[MAIN]
{MAIN]
IMAIN]
[DAYLY]
[DAYLY]
[MAIN]
(PROP|
[DAYLY]
[PROP)
(DAYLY]
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LAST DAY = 10673
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Fig. E-1.

Node temperatures for December 31, 1972, through Janvary 6, 1973 (see Fig. 3).
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