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Retrofitting a Residence for Solar Heating and Cooling
The Design and Construction of the System

James E. Hill and Thomas- E. Richtmyer

ABSTRACT

During 1972 and 1973, the National Bureau of Standards conducted controlled laboratory
tests on a factory-built four-bedroom house having a floor area of 110 m2 (1200 ft

2
) equipped

with a conventional gas furnace and central electric air conditioner incorporated into a

forced air distribution system. During 197^, the house was moved onto the NBS grounds and
a solar heating and cooling system was designed to be added to the house. Calculations have
been made to show that more than 75% of the yearly energy needs for heating, cooling, and
supplying domestic hot water could be obtained from the sun.

This report deals with the design and construction of the retrofitted sysi/em. It con-
sists of i+5 m2 (1+85 ft

2
) of double-glazed, flat-plate solar collector, 5.7 m 3

(1500 gallons)

of water storage, and a 10,000 W (3 ton) lithium bromide absorption air cooling unit.

Key Words: Retrofitted solar residence; solar collector; solar heating and cooling system;

solar-powered absorption refrigeration.





1. Introduction

In order to study energy usage in residential buildings and to experimentally verify
computer programs that have been constructed for calculating heating and cooling loads and
energy requirements in buildings, the National Bureau of Standards purchased a factory-
produced four-bedroom house. During 1972, it was installed in a high-bay-environmental
laboratory of approximately 2000 m 3

(70,000 ft
3

) in volume and tested under simulated summer
and winter conditions. Later it was moved to a site on the NBS grounds in Gaithersburg,
Maryland and tested under actual weather conditions. References [l] and [2] give the details

of the testing that was done prior to the beginning of the calendar year 197^. The purpose
of this report is to give the details of the design of a solar heating and cooling system
that was added to the house during the latter part of 197^-.

During the thirty years prior to 1970 , there were twenty to thirty buildings built
around the world designed to utilize solar energy for partially or totally heating the
building space. Some of the buildings that were parts of we11-documented experiments are
described in references [3-10]. During the 1970 's there has been an increased emphasis in

exploring the utilization of solar energy in buildings. Reference [ll] is one of the most

up to date surveys of current activity and in it are described 135 buildings past and present
that are now using or will shortly use solar energy, for heating and/or cooling.

Almost all of these 135 buildings have been designed and constructed to be solar
equipped. The present research project was conceived to determine the feasibility of
adding solar heating and cooling components to a house that had originally been designed
to operate with a conventional system. In addition, this is one of the first studies in

which the same building will have been tested with both a completely conventional system
as well as an integrated solar system.

The specific objectives of the present study are as follows:

1. To design a fully automated and instrumented "state-of-the-art" solar heating and
cooling system that can effectively be integrated with the existing heating and
cooling system of the NBS four-bedroom test house.

2. To construct, test, and document the system performance under typical winter and
summer weather conditions for Washington, D.C.

3. To determine the fraction of the energy supplied by the auxiliary and solar components
respectively and project the savings in fossil fuels on a yearly basis.

h. To fully document the economic implications of utilizing solar energy in this manner.

2. Description of the Test House

The test house has approximately 110 m* (1200 ft
2

) of floor area and is of modular
design and lightweight (wood) construction. The house would typically be the end dwelling
unit of a row of townhouses at a field site. The house is shown in Figure 1 at its present

location on the NBS campus. A series of wooden racks are shown added to the roof of the

house which now hold the solar collector modules (not shown).

Two modules compose the first floor and contain the kitchen, dining area, utility room,

living area and two bedrooms separated by a full bath. A floor plan of the first floor is

shown in Figure 2. The second floor module contains two bedrooms and a second full bath

with a stairway from the kitchen to the hallway connecting the bedrooms. A floor plan of



the second floor is given in Figure 3. The floors of the living area, dining area" and the
four bedrooms are carpeted. All other floor are"as are finished with asphalt tile. Construc-
tion details of the test house ate given in Table 1. As received from the factory, the'

house was equipped with a refrigerator, an electric stove, an 0.3 m 3
(80 gallon) electric

hot water heater, a gas-fired forced air furnace system with a central electric air condi-
tioner.

The windows consist of brown anodized aluminum frames and sash, with window panes, storm
windows, and screens. The thickness of the glass panes and air space are 0.32 cm (1/8 in.)
and 0.48 cm (3/16 in.), respectively. The total window area is 12.7 m 2

(137 ft
2
) or approxi-

mately 11.8 percent of the floor area. The double-wide front door contains two insulating
glass sheets. The rear door is solid wood.

The conventional equipment supplied for heating, cooling, and air distribution is lo-
cated in the left side of the living area closet on the first floor and consists of a gas-
fired- furnace, evaporator coil, and forced air blower. The furnace is rated at input and
output capacities of 22,000 W (75,000 Btu/h) and 17,600 W (60,000 Btu/h) , respectively. The
vapor compression air conditioning unit has a listed capacity of 7000 W (2 tons). The con-
densing unit is located in an interior cabinet under the kitchen window with the outdoor
coil projecting through the wall.

The air distribution system consists of a common return located in the hallway between
the living room and the utility closet. A circulating blower forces air through the gas
furnace into the distribution ducts.

Since interior furnishings have an effect on the thermal behavior of a structure, the
test house if fully furnished with 1500 kg (3300 lbs.) of furniture, draperies, and other
household accessories and appliances.

3. Design of the Solar Heating and Cooling System

In designing the solar energy system for the NBS test house to accomplish the objectives
of the study, specific design criteria for the system and components were established:

1. The system must
a. utilize an existing forced air distribution system,
b. utilize solar components that are commercially available,
c. provide a comfort level fully equal to that obtainable with the conventional

system, and
d. supply greater than 75% of the energy needs for the house for heating, cooling,

and the heating of domestic water.

2. The solar components must
a. have a predictable performance,
b. be reliable, durable, and safe,
c. have a minimum cost without jeopardizing performance, and
d. be easily replaced for repair or testing with other components.

Based on these design criteria, the system as depicted in Figure 4 was designed. The
primary components are 45 m 2

(485 ft
2

) of PPG Industries'* prototype flat-plate solar collec-
tor, a water to air heat exchanger mounted in the furnace plenum, 1.9 m (500 gallon) and

3.8 m 3 (1000 gallon) water storage tanks, and a 10,000 W (3 ton) lithium-bromide absorption
air cooling unit. An ethylene glycol-water solution will be used as the heat transfer fluid

throughout the system. A small cooling tower is required in conjunction with the absorption

* Identification of commercial products does not imply recommendation or endorsement by the

National Bureau of Standards.



refrigeration machine. In addition, an electric water boiler is to be used as the auxiliary
energy source and a small preheater (heat exchanger and 0.3 m 3

(80 gallon) tank) will be
used to preheat city water prior to putting it into the conventional electric water heater
installed in the house.

The system has been designed to be as flexible as possible allowing operation in 20 to

30 different modes. Figure 5 shows the detailed piping diagram for the system including all
valves and pumps. Figure 6 through 16 have been included to show the operation of the system
in several of the modes.

Figures 6, 7, and 8 show the system operating in the space heating mode where the source
of the energy is the solar collector (Figure 6) , the small storage tank (Figure 7) , and the
large storage tank (Figure 8), respectively. In each case, the fluid is shown passing
through the auxiliary boiler. The boiler could be on or off. Therefore, the flow diagram
would be identical for the three additional operational modes where the electric boiler was
being used to supplement the three primary energy sources.

Figures 9 and 10 show the system again in the space heating mode where the two storage
tanks are operated in series (Figure 9) or parallel (Figure 10). The series operation could
prove beneficial in creating an artificial condition of "thermal stratification" whereby the

hottest fluid is in the small storage tank and used for space heating.

Figure 11 shows the system in the space heating mode where the auxiliary energy source
is the only source in the system. Isolating the storage tanks from the "loop" in this mode
eliminates the use of auxiliary energy for "charging" the storage tanks, a wasteful and in-
efficient use of such energy.

Figures 12 and 13 show the system in the space heating mode where one or the other of

the storage tanks are used in series with the solar collector array. The fluid is drawn
from the tanks, heated by the solar collector and then passed through the water-to-air heat
exchanger.

Figure 14 shows the system operating in the space cooling mode where the energy source
for the absorption air cooler is the solar collector array. Diagrams similar to Figures 7

through 13 could also be shown for space cooling where the various combinations of solar
collector, auxiliary boiler, and two storage tanks are used.

Figure 15 shows the system operating in a mode where the solar collector is being used

to preheat the domestic hot water. In Figure 16, the solar collector is being used to

"charge" the small storage tank.

From the above description, it is obvious that the solar heating and cooling system has

been designed for operational flexibility. One of the primary objectives will be to experi-

mentally examine the feasibility and relative efficiency of these various modes.

Solar Collectors

Based on the projected needs for a heated fluid to heat the supply air and also to "drive"

an absorption refrigeration unit, a purchase specification was written for modular solar col-

lectors and was distributed by the Department of Commerce on a request for proposal basis.

The specification is given in Appendix A. Five proposals were received and the quoted prices

ranged from $69 per m? ($6.40 per ft 2
) to $1500 per m2

($140 per ft
2
).

The collector that was selected is manufactured by PPG Industries* and its price was $69

per m2
($6.40 per ft

2
). It is a flat-plate collector with two cover glasses and 0.076 m (3 in.)

* Identification of commercial products does not imply recommendation or endorsement by the

National Bureau of Standards.



of fiberglass insulation attached to the back. The experimental and theoretical thermal effi-
ciencies of the collector are compared in Figure 17. More detailed technical specifications
are given in reference [12].

This collector is normally available with a metal pan enclosing the back insulation.
NBS purchased the collectors without the pan; however, prior to placing the collectors on the
roof of the house, pans were added by NBS personnel.

The absorber of the collector is an aluminum ROLL BOND* panel that is painted with a

high quality black paint and consequently the absorbing surface is nonselective (properties
are given in reference [12]). Part of the contract with PPG Industries calls for them to supplV
NBS in the summer of 1975 with another set of collector modules of identical construction
except for the addition of a selective surface which minimizes the emission of long wavelength
radiation from the absorbing surface. As part of the research program, operational data will
be obtained during two cooling seasons with both types of collectors.

Air Cooling Unit

There are several ways in which solar energy can be used for providing space cooling.
Attention is being given to the study of rock bed regenerative cooling at CSIRO in Australia
[13], the use of desiccants in general [14, 15], and the use of an expansion engine with com-
pression cooling [16-22]. However, the most intensive work in the solar energy field has
been done with absorption refrigeration machines at the University of Wisconsin [23, 24], the
University of Florida [25, 26], and in Australia [27-29]. Based on these studies and the po-
tential availability of absorption cooling machines, a 10,000 W (3 ton) lithium bromide ab-
sorption unit manufactured by Arkla Industries** was selected. The machine was modified at

the factory to utilize hot water (instead of natural gas) as the source of energy. It should
also be noted that this machine is currently being used in residential solar cooling experi-
ments at Colorado State University [30], at NASA Marshall Space Flight Center [31], by the
Honeywell Corporation in Minneapolis, Minnesota [32], at Ohio State University [33], and in
the "Decade 80" house built in Tucson, Arizona by the Copper Development Association [34],

In a typical absorption refrigeration machine, a solution of refrigerant and absorbent,
which have a strong chemical affinity for one another, are heated in a device called the
generator. This drives the refrigerant out of the solution. The refrigerant vapor is then
cooled until it condenses and can be passed through an expansion valve into the "low pressure"
side of the system. At this low pressure, the refrigerant vaporizes (in the evaporator) and
absorbs energy from the environment (the cooling effect). The vaporized refrigerant is then
recombined with the abosrbent mixture from which it was initially obtained. The mixture then
moves back to the generator on the "high pressure" side of the system and the cycle continues.

Figure 18 is a schematic diagram of the absorption unit being used in this experiment.
The system is charged with lithium bromide and water, the water being the refrigerant and the

lithium bromide solution being the absorbent. The entire unit operates under a vacuum at all
times. The absolute pressure within the generator and condenser is of the order of 6700 to

8000 N/m2
(50 to 60 mm of Hg) absolute.

With reference to Figure 18, the generator contains a solution of lithium bromide in
water. As heat is applied in the heat exchanger of the generator, it causes the refrigerant
(water) to be boiled off. As this water vapor is driven off, the absorbent solution is

raised by vapor lift action through tube (2) into the separating chamber (3). Here the re-
frigerant vapor rises through tube (4) to the condenser, and the absorbent solution flows

be gravity through tube (6), through the heat exchanger, and then to the absorber. This
circuit will be described in more detail; the refrigerant circuit will be described first.

* ROLL BOND process patented by Olin Brass, East Alton, Illinois.

** Identification of commercial products does not imply recommendation or endorsement by the

National Bureau of Standards.



After the refrigerant (water vapor) passes from the separating chamber to the condenser
through tube (4) , it is condensed to a liquid by the action of cooling water flowing through
the condenser tubes. The cooling water is brought from an external source (a cooling tower

in this case)

.

The refrigerant vapor thus condensed to water within the condenser then flows through
tube (5) into the cooling coil. Tube (5) contains a restriction which offers a resistance
and therefore a pressure barrier to separate the slightly higher absolute pressure in the
condenser from the lower pressure within the cooling coil. The high vacuum within the
evaporator (cooling coil) lowers the boiling temperature of water sufficiently to allow evap-
oration to occur within the coil. The cooling coil is constructed with finned horizontal
tubes over which the air to be cooled is blown. The heat of evaporation for the refrigerant
is extracted from the air stream, and the cooling and dehumidifying are accomplished.

In the absorber, the solution absorbs the refrigerant vapors which are formed in the

evaporator directly adjacent. To explain the presence of the absorbent, it is necessary to

divert attention back to the generator. The absorbent was separated from the refrigerant by
boiling action. The absorbent then drains from the separator (3) , down to the liquid heat
exchanger, and thence to the absorber through tube (8). The flow of solution in this circuit
can actually exist by gravity action alone, because the absorber is slightly below the level
of the separating chamber. It is also aided by the pressure difference existing between the
separator and the absorber.

The absorber is a cylindrical shell which contains a coil through which cooling water is

circulated. The solution flowing into the top of the absorber is distributed over the entire
outside surfaces of the coil so that a maximum area of absorbent solution is exposed to the

refrigerant vapor which is flowing into this chamber from the evaporator.

It must be understood at this point that cool lithium bromide in either dry or solu-
tion form has a very strong affinity for water vapor. It is because of this principle that
the refrigerant vapor is absorbed back into solution again. The rate of absorpt/on is in-

creased at lower temperatures; therefore, a cooling water coil has been provided within the

absorber shell. The resultant mixture of refrigerant and absorbent drains back through the

heat exchanger through tube (9) , to the refrigeration generator where it is again separated
into its two component parts by boiling action, to repeat the cycle.

The air conditioning unit is rated at 10,000 W (36,000 Btu/h) of cooling when the fluid
enters the generator at 99 °C (210 °F) and 6.9 x 10 "* m /s (11 gal/min) and the cooling tower
water enters the condenser at 29- °C (85 °F) and 6.3 x 10 k m 3

/s (10 gal/min). Figure 19

shows how the performance is expected to vary as a function of outdoor air wet-bulb tempera-
ture and temperature of fluid entering the generator. Due to the absence of a mechanical
pump from the generator by vapor lift action, the unit cannot be operated at less than 60%

capacity. Below this condition, vapor formation occurs at a rate too low for effective
lifting of the solution. The concentration would then increase to the crystallization point.

Water Cooling Tower

In order to match the capacity of the air conditioning unit, the cooling tower must be
able to reject 27,000 W (91,000 Btu/h) with water entering the tower at 6.3 x 10 4 m 3

/s

(10 gal/min). A 28,000 W (8 ton) cooling tower was selected. It weighs approximately 186 kg
(410 pounds) and measures 0.79 m (31 in.) wide, 1.55_m (61 in.) long and 1.4 m (55 in.) high.
The tower is designed for water flow rates of 1 x 10 3 to 1. 7 x 10 m 3

/s (16 to 27 gal/min).

Thermal Storage

Conventional steel pressure-tested tanks were selected as the means for storing the solar
heated fluid in the system. The tanks have a design pressure of 6.9 x 10

5 N/m 2
(100 psi) and



were pressure tested to 10.3 x 10 5 N/m 2
(150 psi) . They have no interior baffling installed

and are unlined. The 1.9 m 3
(500 gallon) tank weighs approximately 485 kg (1070 pounds),

has an outside diameter of 0.9 m (3 ft), and is 3.1 m (10 ft) in length. The 3.8 m 3
(1000

gallon) tank weighs approximately 4853 kg (2400 pounds), has an outside diameter of 1.1 m
(3.5 ft), and is 4.3 m (14 ft) in length. After the tanks were installed, they were insula-
ted with approximately 0.1 m (4 in.) of fiberglass insulation.

Water- to-Air Heat Exchanger

The finned-tube heat exchanger incorporated into the duct-work of the distribution sys-
tem has a face area of 0.31 m (12 in.) by 0.56 m (22 in.) and consists of six rows of 0.016 m
(5/8 in.) outside diameter finned copper tubes. The fins are 0.0002 m (0.008 in.) aluminum
and spaced at 354 fins/m (9 fins/in.). The heat exchanger is housed in a galvanized steel
casing and insulated on the inside with 0.025 m (1 in.) fiberglass insulation. The exchanger
is_rated to heat 0.38 m 3

/s (800 cfm) of air from 18 °C (65 °F) to 34 °C (94 °F) with 6.3 x
10 ^ m 3

/s (10 gal/min) of water entering the coil at 57 °C (135 °F) (7300 W (25,000 Btu/h)
capacity)

.

Auxiliary Boiler

Even though the gas furnace installed in the house is still operable and could be used
as the auxiliary energy source for space heating, an electric water boiler was installed for
supplying auxiliary energy for the cooling and domestic water preheating processes. Since
electrical use is generally determined more accurately than natural gas use*, the water
boiler will probably be used for the space heating process as well.

The boiler has a heating capacity of 17,600 W (60,000 Btu/h). It consists of electrical
resistance heating elements which are modulated in five steps of 3500 W each. The modulating
steps were chosen so that the boiler outlet temperature could be easily thermostated.

Domestic Water Preheater

In order to preheat the domestic hot water before passing it into the existing electric
hot water tank in the house, a shell and tube heat exchanger and additional 0.3 m 3

(80 gallon)
water tank were obtained. The heat exchanger is rated to heat 6.3 x 10 m /s (1 gal/min) of

domestic water from 18 °C (65 °F) to 49 °C (120 °F) in the tubes when supplied with 6.3 x 10
"

m 3
/s (10 gal/min) of a 40% ethylene glycol solution entering the shell at 54 °C (130 °F)

.

The heat exchanger is cylindrical in shape with an approximate diameter of 0.13 m (5 in.) and
an approximate length of 1.8 m (6 ft). The 0.3 m 3

(80 gallon) water tank is a conventional
glass lined electric water heater havine; a diameter of 0.58 m (23 in.).

Transfer Fluid

In designing the system to minimize the possibilities of corrosion, it was decided to

construct a closed, pressurized system in which the fluid is in the solar collector panels
at all times. Therefore, to prevent freezing, expansion, and cracking of the solar collec-
tor panels, a 1:1 water - antifreeze solution is to be used. Industrial grade ethylene
glycol was purchased. The chemical had no additives as purchased and therefore additional
corrosion inhibitors were added (see next section) . Thermal properties of ethylene glycol
water solutions are given in references [35, 36].

* The energy use in an electric furnace can be determined to an accuracy of less than 1 per
cent. The corresponding accuracy with a gas furnace is usually on the order of several
per cent.



Corrosion Considerations

The transfer fluid in this system is pumped through a variety of equipment including the
aluminum absorber of the collector,, copper pipe, bronze or brass valves, and steel tanks.
This mixture of metals with an aqueous mixture could result in significant chemical attack
on the aluminum by galvanic, concentrated cell (crevice), pitting, erosion, or stress corro- •

sion. Of the metals listed, aluminum is the most anodic in the electro-chemical series.
Thus any foreign metal deposit or concentration of other metal ions could result in "sacri-
ficing" the aluminum and in pitting.

Unfortunately the collector plate is usually the most expensive and the most difficult
component to replace. Therefore, it is incumbent on the design and operation of the system
that provision be made for corrosion protection of the panel. Of particular concern are the
fluid passages formed by diffusion bonding and expansion which result in crevices on each

side of the passage. Even though chemically inert titanium oxide (Ti
2 ) is used as the stop-

weld material, the Ti 2 particles can still provide a site for the initiation of corrosion
by foreign particles or even in an uninhibited aqueous solution by interfering with the nor-
mal formation of aluminum oxide on the surface.

A review of the literature regarding liquid cooling system antifreeze solutions used in

automotive and other commercial applications [37] uncovered the existence of both federal [38]

and military [39] specifications for inhibited mixtures. While the temperature levels during
standby and operation of the solar heating and cooling system are similar to the internal
combustion engine, the combination of metals in an engine system does not usually contain a

large amount of aluminum.

In addition to the referenced specifications cited above, several other sources were con-
sulted prior to making a decision on the addition of inhibitors. Contact with experts from
the automotive industry led to the conclusion that the high borate concentrations recommended
in the federal and military specifications [38, 39] are not desirable with aluminum. Another
formula using nearly a 1:1 ratio of borate to other chemicals was mentioned as having per-
formed well in automotive tests over a two-year period [40]. An additional source [41]

recommended using a mixture with a high phosphate concentration in a predominately aluminum
system. A third source described tests using a proprietary inhibitor with aluminum solar
collectors in which the results have been very encouraging [42].

A series of tests have been conducted on aluminum solar collector panels by the Reynolds
Metals Company [43], Successful corrosion mitigation has been achieved in a 1:1 mixture of

tap water and ethylene glycol using an amine neutralized acid phosphate [44]. Based on the

test results in reference [44], a decision was made to use this inhibitor in the system.

Twenty three kilograms (50 pounds) were required for a system having a capacity of 5.7 m
(1500 gallons)

.

Besides the addition of the inhibitor, other steps have been and will be taken to mini-
mize the possibility of corrosion. Prior to charging the system, the cloride concentration

of the local water will be checked and if found to be higher than 50 ppm, deionized water will
be used. Steps have been taken to galvanically isolate the dissimilar metals. Rubber hoses

(see below) connect the copper header pipes to the aluminum collectors. Copper-silicon fit-

tings are used to connect the copper pipes to the steel tanks.

Representatives of Olin Brass suggests [45] that a "getter" column be installed, through

which the transfer fluid passes before entry into the aluminum collectors. Such a "getter"



column would consist of a plastic cylinder containing a series of aluminum sheets. The fluid
would circulate over this surface and the function of the surface would be to pick up "heavy
metal" ions which may have gotten into the system as the result of corrosion of other metal
components or as the result of "tramp" material within the system. Because of other pre-
cautions taken, it was decided not to use the "getter".

"Buffers" in the inhibitor function to control the pH* of the solution to a desirably
high value between 6.0 and 8.0. As the "buffers" in the solution become exhausted, the pH
will drop significantly indicating a formation of organic acids which serve to make the mix-
ture more corrosive. Reference [44] describes a method of monitoring the inhibitor concen-
tration which will be used periodically during the experiment. If the pH is found to be
below the level of 6.0, it will be increased by the addition of sodium carbonate; if it is

found to be higher than 8.0, it will be lowered by the addition of concentrated sulfuric
acid to the solution.

Pumps

Six centrifugal pumps are used in the system. All are rated to pump a 40% solution of

ethylene glycol and water at a temperature 121 °C (250 °F) at a flow rate of 7.6 x 10 "* m 3
/s

(12 gal/min). All pumps have an iron body, bronze impeller and have a rotation speed of 59

revolutions/s (3500 rpm) . The pump circulating the fluid through the collector is driven by
a 746 W motor (1 horsepower) and the other five are driven by 250 W motors (1/3 horsepower).

Valves

In order to control the flow through the system and to divert it through the various
loops, nine proportional valves and thirty-one automatic open-close type valves are used.

The proportional valve assembly consists of a single-seat globe valve mechanically linked to

a reversible actuator with a driving motor and gear train. The valve assembly is connected
to two relays and the flow is adjusted by activating one of the two relays for a certain
length of time. The power input to the valve motors is 24 volts a.c. The automatic valves
are all two position, two way valves. Depending upon the location in the system, the auto-
matic valves are either straight way or 90° angle and are either normally open or normally
closed. All of the valve actuators are connected to a 24 volt a.c. source through a relay
contact.

Piping

The plumbing that comprises the solar heating and cooling system includes approximately
035 m (1000 ft) of nominal 0.32 m (1 1/4 in.) copper pipe. The pipe is insulated with ure-
thane pipe insulation having a thickness of 0.051 m (2 in.). For a pipe temperature of

93 °C (200 °F) , the heat loss is expected to be less than 9.6 W per lineal m (10 Btu/h per
lineal ft).

Hoses

As mentioned previously, connections from copper headers to the solar collector modules
are made with high quality "heater" hose. The material used was 0.13 m (1/2 in.) inside
diameter tubing which will withstand 1.7 N/m 2

(250 psi) working pressures and temperatures
in excess of 149 °C (300 °F).

* A scale based" on the hydroxide-ion concentration of a solution. All neutral solutions
have pH of 7. Acid solutions have a pH less than 7; basic aolutions have pH greater than
7.



Simulation Study for the Sizing of Components

In order to properly size the critical components of the system, namely, the collector
and storage tanks, a detailed mathematical simulation of the system and house should be used
that accounts for the dynamic way in which the collector and the house respond to changing
environmental conditions. The building simulation model NBSLD [46] is currently available
at NBS for just such studies but as of yet, a simulation model of a solar heating and cooling
system has not been written and combined with the program. The University of Wisconsin com-
puter program TRNSYS [47] which contains solar component simulation routines has recently
been purchased but was not available to NBS at the time the present solar heating and cooling
system was being designed. In addition, arrangements have been made to obtain a similar pro-
gram being developed by the Lockheed Corporation [48] as aoon as it is available. It is the
intent of the authors to critically examine the extent to which the University of Wisconsin
and Lockheed computer programs can accurately predict the performance of the heating and
cooling system in this house.

The technique used to size the solar components was to develop a simplified computer
program utilizing the knowledge obtained in previous research on the thermal characteristics
of the house [1, 2], and an empirical routine for solar collector performance developed by
Kusuda [49] and based on experimental data reported by the University of Pennsylvania [50, 51]

The empirical routine used for predicting solar collector performance is explained in
Appendix B. Sample output data for a south-facing flat-plate collector tilted at angles of
12° and 50° from the horizon is given in Appendix C. These were the two angles finally
selected for arrays of modular collectors. The 12° angle corresponds to the slope of the

flat roofs of the test house. It was felt that part of the collector could be placed flat

on the roof for ease of installation and operate with a relatively high thermal output during
the summer months when the air cooling unit is used. The 50° angle was selected as being one

which would allow a row of normal-sized modular collectors to be installed between the lower
and upper roofs of the house and operate with a high thermal output during the winter months.

The collector calculations proved that these angles were acceptable.

In constructing the simplified computer program for matching the solar collector output
with the building heating and cooling load, the following assumptions were made:

1. Daily house heating and cooling loads (Q
T

) could be computed by using the average
temperature difference for that day and an overall loss coefficient U (determined
from the test results in [1] and [2]), such that Q = U • At.

Li Li

2. Internal heat generation due to appliances and occupants would be 1.1 x 10 J/day

(105,000 Btu/day) (summer) and 1.05 x 10
9 J/day (100,000 Btu/day) (winter).

3. When the collectors supply more energy than is required to meet the load, the excess
would be stored as hot water. Of that energy added to storage, 90% could be re-
trieved when the water temperature is below 60 °C (140 °F) and 80% could be re-
trievedwhen it is between 60 °C (140 °F) and 104 °C (220 °F) . Above 104 °C

(220 °F), further storage would no longer be possible and excess energy would be

"thrown away".

4. Useful energy could be extracted from the heat transfer fluid when it is above 27 °C

(80 °F) for winter heating and above 88 °C (190 °F) for summer cooling.

5. Winter and summer thermostat settings would be 21 °C (70 °F) and 24 °C (75 °F)

,

respectively.



On a day to day basis, the thermal requirements of the house were matched against the
output of the collector and the difference was either stored in or retrieved from storage.
The calculation, was done for an entire year of 1957 weather*. The storage and collector
sizes were varied and the simulation repeated until a final decision was made on the size of
the system components. Sample output is given in Appendix D for the case of a south-facing
collector having an area of 43 m 2

(460 ft ) and a tilt angle of 12° with a storage tank capa-
city of 194 m 3

(1200 gallons). Figure 20 shows the predicted monthly energy demand and the
part that will be supplied by the collector and the auxiliary energy source, respectively.
These results are based on the final design of 26.7 m 2

(288 ft
2
) of collector at the 12° slope

(197 ft
2

) of collector at the 50° slope.

4. Addition of the Solar Heating and
Cooling System to the Test House

The major tasks required during installation were a) mounting the collectors on the
house, b) constructing an additional room on the back of the house to contain the storage
tanks and other components of the solar system (the house had no basement) , c) making modi-
fications to the existing space heating and cooling system, and d) installation and connec-
tion of all components.

The collector rack consists of wooden boxes that were fabricated in the NBS carpenter
shop and then moved to the site of the house (Figure 21) . They were mounted on the house
(Figure 22) and the sides and edges were trimmed with simulated redwood and then finished off
so that they blend with the exterior of the house. The collectors were then moved to the
site, lifted to the roof of the house (Figure 23), put in place, and then sealed with a neo-
prene gasket (Figure 24) to prevent any large amount of moisture from getting behind the
panels. The collectors themselves have a metal pan enclosing the insulation and in addition,
"weep holes" are present in the lower edges of both the metal pans and wooden boxes.

During 1973 and after the test house was moved onto the NBS grounds, a special two-story
instrument room was built on the north side of the house to hold the computerized data acqui-
sition system. The room is located midway between the west and east ends of the house and
measures approximately 3.7 m (12 ft) by 3.7 m (12 ft). During 1974, a second two-story room
was built on the northwest corner of the house, again measuring approximately 3.7 m (12 ft)

by 3.7 m (12 ft) and finished off in artificial redwood to match the rest of the house. The
room is shown being constructed in Figure 25. Prior to putting up the walls of this second
room, the storage tanks were moved into place (Figure- 26 shows one of the tanks being moved).

The tanks are mounted vertically in the equipment room. No consideration was given to bury-
ing them since it was felt necessary to have access to them during the experimental program.

All pumps are located on the floor of the room, the major part of the piping hung on the four

walls, the electric water boiler on the floor, and the cooling tower installed on a special
platform at a location corresponding to the second floor of the room. Ducting runs to and

from the cooling tower through the walls of the room.

The absorption air cooler was installed in the utility or storage room on the first

floor of the house (see Figure 2) . The duct work was then modified and connections made be-

tween the outlet of air cooler and the horizontal run above the outlet from the existing gas

furnace. The water to air heat exchanger was installed in a horizontal run between these

two locations.

* The year 1957 was selected by using the proposed procedure of the ASHRAE Task Group on

Energy Requirements [52]. Even though this year may be typical from the standpoint of

energy demand, a quick comparison of average monthly radiation values with those pre-
dicted using the procedures of Liu and Jordan [53] would indicate that for several months,

the predicted incident solar radiation was rather low.
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5. Economic Considerations

During the testing program, an economic analysis will be made of retrofitting an existing
residence with a solar heating and cooling system. The analysis will take into account the

energy saved based on test results as well as the cost of components, material, and labor to

install the system. An attempt will be made to separate those costs that have occurred as a

result of the engineering experiment being conducted from those that would normally be in-

curred by the homeowner. The economic analysis will be done using techniques outlined in

references [54-56].

The approximate cost of the major components purchased for the system (excluding instru-
mentation) are as follows

:

1. solar collectors (31 panels) $3,575

2. Lithium bromide absorption air cooling unit $2,000

3. 3.8 m 3 (1000 gallon) storage tank $ 990

4. 1.9 m 3
(500 gallon) storage tank $ 700

5. cooling tower for the absorption air cooling unit $ 410

6. heat exchanger and tank for domestic hot water preheating $ 510

7. furnace plenum heat exchanger for space heating and cooling $ 200

8. auxiliary 17,600 W (60,000 Btu/h) electric water boiler $1,065^

9. automatic two-way valves (31 total) $2,470

10. proportional valves (9 total) $1,490

11. centrifugal pumps (6 total) $1,400

12. 2.9 m 3 (770 gallons) of industrial grade ethylene glycol $1,890

13. 22.7 kg (50 pounds) of corrosion inhibitor $ 150

14. 305 m (1000 ft) of high temperature pipe insulation $2,470

15. 130 m (425 ft) of high temperature hose $ 245

16. Storage tank insulation $ 300

Subtotal $19,865

Other major cost items not listed include approximately 305 m (1000 ft) of copper pipe,
material and labor for the construction of a solar collector rack and an additional room on

the back of the house (see below) to hold the storage tanks, pumps, cooling tower, and other
associated components, and the labor cost for the plumbing.

11



6. Instrumentation

One of the primary advantages in conducting the solar heating and cooling experiment on
this particular house is that a significant amount of instrumentation already exists and is
installed in the house. A brief description of the instrumentation follows.

Ambient air and surface temperatures are measured with 24 gauge type T thermocouples.
Thermocouple strings, suspended by 0.0048 m (3/16 in.) diameter polycarbonate rods, are placed
at the geometric center of each room and 0.61 m (2 ft) horizontally centered in front of each
of the windows. The locations of the thermocouple strings, numbered 1 through 19, are de-
picted with solid circles on the floor plans of Figures 2 and 3. Six thermocouples are
attached to a rod and located at 0.076 m (3), 0.76 (30), 1.83 (72), and 2.13 (84) m (in.)

above the floor, and' 0.076 m (3 in.) below the ceiling. Four thermocouples are placed in
the crawl space 0.15 m (6 in.) below the floor joists. The location of the crawl space
thermocouples is depicted with the symbol C on the floor plan of Figure 2. All thermocouples
are referenced to the ice point (0 °C, 32 °F) by connecting them to a thermoelectric ice-
point reference system.

During the previous test
,
program, globe thermometers were used to determine the mean

radiant temperature (MRT) at the geometric center of the living room, den, kitchen, and four
bedroom areas at the 0.76 (30 in.) level above the floor. The locations of the globe ther-
mometers are shown with the symbol G on the floor plans of Figures 2 and 3. A globe ther-
mometer consists of a 0.15 m (6 in.) diameter hollow copper sphere with a thermocouple
supported in the center. The outside surface of the sphere is painted with matt-black paint,
so as to absorb most of the long wave thermal radiation emitted from the inside surfaces of

a room. Recently NBS has developed a "scanning radiometer" [57] that will also be used to

determine the mean radiant temperature in the house.

Relative humidity transducers (H) are placed in the geometric center of the living room,

kitchen, bathrooms, and bedrooms at the 1.5 m (60 in.) level above the floor. The humidity
transducers produce a millivolt output signal proportional to the relative humidity.

The temperature of the return air to the heating and cooling plant will be measured with
a network of four thermocouples connected in parallel. The temperature of the supply air
will be measured with a network of eight thermocouples connected in parallel placed in the

air outlet past the water to air heat exchanger. The air delivery rate of the blower will be
determined with a calibrated vane anemometer and a calibrated hot wire anemometer.

The volume of natural gas consumed by the furnace in the test house during the previous
test program was measured with a calibrated domestic gas consumption meter that was specially
modified so that the passage of a cubic foot of gas produced an electrical pulse. This was
accomplished by placing an excitation voltage across a microswitch that rode on a cam shaft

of the metering circuit. The temperature and pressure of the gas at the inlet to the gas'

meter were monitored, so that the volumetric consumption of gas could be corrected for changes
in density. For those tests where the gas furnace will be used for the auxiliary energy
source, this technique will continue to be used.

The gross electrical. energy supplied to the house will be measured using a calibrated
watthour meter equipped with a photo-electric device that generates a pulse for each revo-
lution of a disk inside the meter. The individual electric energy consumption of such items

as the blower fan, pumps, and electric water boiler will also be monitored using individual
watthour meters.
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An energy enalysis of the system will also require the determination of fluid flow rates
and temperature differences across individual pieces of equipment in the fluid transport
loops. Five oscillating piston, positive displacement, flow meters were recently purchased
along with a series of ceramic-insulated sheathed thermocouples. The flow meters are equipped
with pulse generators which provide a resolution of 2.6 x 10

5 pulses/m 3
(1000 pulses/gallon)

with an accuracy of + 0.25%. The thermocouples are 0.0032 m (1/8 in.) in diameter and 0.31 m
(12 in.) long and will be inserted directly into the pipe at specified locations.

During the past year, a new and versatile data acquisition system was purchased for the

test house. The system consists of:

1. a six digit integrating digital voltmeter,

2. a scanner permitting the voltmeter to read any of 400 channels of data,

3. a magnetic tape system to record measured values,

4. four data source input channels (DSI) that allow the input of binary coded decimal
(BCD) information,

5. a relay register with 48 separate contacts that will enable the system to control
not only external measuring devices but also the pumps, motors, valves, etc. that
comprise the solar heating and cooling system, and

6. a mini-computer which serves as the central control for the total system.

In order to automatically record the output of the watthour meters and gas meter (if

used) and in order to eliminate the need for digital to analog conversion on the flow meters,
totalizers have been purchased that have a BCD output which in turn will be fed through one

of the DSI channels in the data acquisition system.

In previous years, the analysis of the test results for the house and conventional
heating and cooling system was not as dependent on accurate measurements of the weather con-
ditions as will be the case for the coming year. As a result, a compact weather station was
purchased that contains instrumentation for the accurate measurement of:

1. Wind speed

2. wind direction,

3. dry-bulb temperature,

4. relative humidity,

5. rain fall,

6. barometric pressure,

7. direct component of incident solar radiation, and

8. total incident solar radiation.

The system has been designed and built so that the output from each sensor is a voltage that
ranges from to 5 volts DC and varies linearly with temperature, relative humidity, etc.

These voltages will be input through the digital voltmeter and scanner of the data acquisi-
tion system.
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7. Plans for Test Program

In planning the tests to be conducted on the house, emphasis has been place on continu-
ing the philosophy used in previous years when the house was tested with its conventional
equipment [1, 2]. The house was installed in a high-bay environmental laboratory and a

series of ten tests were conducted in which the house was subjected to 24-hour outdoor tem-
perature and relative humidity patterns taken from records of actual weather data for the
summer, fall, and winter in Kalamazoo, Michigan and Macon, Georgia. For each test, the
weather variation was maintained for a period of two to three days before a final set of
24-hour energy consumption data was taken.

The test series to be conducted on the house as it is now equipped with a solar heating
and cooling system must obviously be done in a different way since the house is now located
outside and will be tested under actual weather conditions. However, the philosophy of
testing for short periods of time and obtaining detailed data will be maintained for several
reasons:

1. It is impossible to test continuously for extended periods of time (months) taking
even hourly data where two to three hundred channels of information are obtained
and still be able to reduce and synthesize the data properly.

2. It would be impossible to examine alternate modes of operation or configurations of
equipment for seasons at a time and still produce meaningful data in a reasonable
period of time.

3. Heating and cooling equipment and/or instrumentation inevitably require some down-
time during an experimental program such as this.

The general procedure followed in the previous years was to take the detailed test data
for the 24-hour periods and then compare the energy consumption data with the predicted data
using the actual test weather data as input to the calculations , the computer program NBSLD

[46] in which the building was precisely modeled, and additional routines added to NBSLD
that modeled the gas furnace, electric heater (used in some tests), and electric air condi-
tioner. In this way, an accurate semi-empirical model of the building and equipment were
established and the model could be used with the actual weather data for an entire year to

determine yearly performance.

To achieve realistic test conditions, the occupancy and activities of a family living in

the house were simulated. A complete description of what was done is given in reference [1].

In each of the tests described below, it is planned to use the same or a similar simulation
and activity schedule.

Since the weather parameters influence the performance of the house and its solar system
to a much greater extent than in the previous tests, it is envisioned (will be verified once
the experimental program begins) that each of the tests described below will be conducted for

at least two week periods in which all the detailed data is taken and analyzed. The house
and system will be kept operational as much as is feasible during the next two years and
gross energy measurements (electrical and gas consumption) as well as hourly recordings of

weather data will be taken during periods when the detailed tests are not being conducted.

Test results from the detailed tests are expected to be similar to those displayed in

Figure 27 (taken from reference [2]) except they will cover longer periods of time. The

predicted performance of the house and system will again be determined using NBSLD with the

solar system and its components simulated using the appropriate parts of the TRNSYS computer

program [48] now in use at NBS. The results will then be used to generate seasonal perfor-
mance data similar to that shown in Figure 28 for the MIT house IV [4]. This seasonal per-

formance data will be generated for each of the testing configurations chosen.
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The scope of the detailed testing configurations include space heating tests, space
cooling tests, and a series of special tests.

Space Heating Tests

For each of two basic operational modes (single-loop and two-loop configurations*) , a

series of tests will be run in which both the amount' of thermal storage and size of collector
will be varied independently. The system is valved so that the storage size can be adjusted
to 1.9 m (500 gallons), 3.8 m (1000 gallons), or 5.7 m (1500 gallons) 'and any combination
or all three of the collector arrays can be used. In addition, when using 5.7 m (1500 gal-
lons) , the storage tanks can be connected in parallel or in series (simulating extreme strati-
fication in a single 5.7 m (1500 gallon) tank).

Space Cooling Tests

The major area to be investigated for cooling operation is the extent to which auxiliary
energy must be used to supplement the collector output to properly operate the absorption
cooler and what sort of control could be used that would optimize the performance of the unit.

One possible mode of operation is to run the collector array and auxiliary boiler in parallel
with the flow rate to the collector adjusted to always obtain the desired temperature level
and the remaining energy obtained from the auxiliary boiler. A second possibility would be
to operate the collector array and boiler in series maintaining the required (for the absorp-
tion unit) flow rate through the collector and then boosting the temperature level with the
boiler. Intuitively, the second mode would result in higher system efficiency due to a lower
operating temperature for the collector array. In addition, plans are being made to replace
the present collector panels during the second cooling season (1976) with ones identical in
design except for the addition of a selective coatting on the absorber plate.

Special Tests

Additional tests are being planned as follows:

1. The collector array will be run in series with the cooling tower and an efficiency
curve in accordance with references [58] will be determined for this installed array.

2. NBS has published a recommended test procedure for determining the "effective storage
capacity" of thermal storage devices [59]. To the extent possible, this test pro-
cedure will be carried out for the two installed tanks.

3. Much concern has been expressed recently over the cost of ethylene glycol which must
be used in water systems to prevent freezing, expansion, and cracking in the col-

lectors. Two possibilities for eliminating its use are a two loop configuration in

which only a small amount of ethylene glycol is required and a heat exchanger is

inserted in or near the storage tank to transfer the energy from one loop to another
or simply draining the collectors. Another possibility for a mild climate such as

Washington, D. C, when a closed system must be used for anti-corrosion purposes
and draining is not possible, is to have the control system circulate warm water
through the collectors on those few occasions when freezing might occur. This will
be investigated experimentally.

* In the two loop configuration, two pumps are used independently, one to circulate fluid
between the storage tank and the collector array when energy can be collected and the

second one to circulate fluid between the storage tank and space heat exchanger when there

is a heating demand from the house. In the single loop configuration, only one pump is

used and the fluid is circulated through the collector, the storage tank and space heat
exchanger all in series

.
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Figure 26. Moving 3.8 m (1000 gallon) storage tank
into place in the NBS test house.
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Table 1

Construction Details of the Test House
from Inside to Outside

External Walls

1/2 inch (1.27 cm) gypsum board

2X4 inch (5.08 X 10.16 cm) wood studs (or 31/2 inches
(8.89 cm) glass fiber batt insulation)

1/2 inch (1.27 cm) plywood sheathing

5/8 inch (1.59 cm) redwood siding

Roofs

1/2 inch (1.27 cm) gypsum board

2X6 inch (5.08 X 15.24 cm) wood joists (or 5 1/2 inch (13.97 cm)

glass fiber batt insulation)

1/2 inch (1.27 cm) plywood sheathing

1/16 inch (.159 cm) asphalt roofing felt

1/8 inch (.318 cm) asphalt shingles

Floor

1/4 inch (.635 cm) nylon carpet (or 1/16 inch (.159 cm) asphalt tile)

5/8 inch (.635 cm) p^lywood sheathing

2X8 inch (5,08 x 20.-32 cm) wood joists (or 7 1/2 inch (19.05 cm) glass
fiber batt insulation)

1/4 inch (.635 cm) wood composition fiber board
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Appendix A

Purchase Specification for Solar Collector Modules

1. General Description

A four bedroom townhouse located on the NBS Campus will be retrofitted with a solar
energy system. Flat plate collector modules will be attached to the roofs of the test
house. Water will be passed through these collector modules where it will be heated by
solar energy. This heated water will be subsequently stored in a storage tank for later
use for space heating, domestic hot water heating, and air conditioning. The present
specification deals with the flat plate collector modules.

2. Technical Requirements

The flat plate collector modules from the top to the bottom in cross-section will con-
sist of the following layers

:

1. A tempered glass cover plate, preferably double strength and 0.0048 m (3/16 in.).

2. An air space.

3. An inner cover plate.

4. An inner air space.

5. An absorber plate, coated with a selective surface film, will contain passage
ways for circulating water.

6. A backside layer of insulation.

These layers will be supported with a frame and covered with a backside cover plate.
The housing for the collector modules must be weatherproof to avoid water condensation
when exposed to outdoor weather conditions. The collector modules shall be identical
and must be approximately 2.4 m (8 ft) in overall length and 0.9 to 1.2 m (3 to 4 ft)

in overall width. The number of modules supplied will be such that the total top cover
area is 51 m 2

(550 ft
2
). The absorber area shall be greater than 90 percent of the top

cover area. The water inlet and outlet piping connections shall not extend more than
0.1 m (4 in.) from the opposite short sides of the collector modules.

It is desirable that the pressure drop at a flow rate of 1.13 x 10 5 m 3 /(s • m 2
) (1 gal/

(h • ft )) of collector as measured between the inlet and outlet piping connections shall
be less than 3400 N/m (1/2 psig) when determined with the collector in the horizontal
position. The absorber plates must be capable of withstanding a fluid static pressure
of 2.07 x 10

5 N/m2
(30 psig). The collector modules must weigh less than 2.3 kg/m 2

(5 lb/ft 2
) of collector area. Each collector module shall be provided with mounting

lugs at its four corners. The design of the modules shall be such as to provide for

relative ease of integration of a single collector into a collection system. Allowance
must be made for venting of the collector in order to prevent moisture buildup.

The selective surface film on the absorbing surface must have an absorptance to emit-
tance ratio, a/e, of approximately 4.5 under operating conditions. The thermal conduc-
tance of the backside insulation shall be less than 0.57 W/(m2

• °C) (.10 Btu/ (h • ft
2

• °F)).

The measured steady-state collector efficiency is defined as the ratio of thermal energy
transferred to the heat transfer fluid per square foot of overall collector area to the

normal intensity of solar radiation striking the surface area. The steady-state collec-
tor efficiency must be at least 50% at the following conditions:

>+9



• normal intensity of solar radiation as measured by an Eppley pyranometer or equiva-
lent in a plane parallel to the collector cover plate, I = 760 W/m 2

(240 Btu/(h •

ft
2
))

• mass flow rate of water, m = 1.13 x 10~ 5 m 3
/(s • m 2

) (1 gal/ (h • ft
2
))

e surface temperature difference between absorber surface and ambient air, At =

61 °C (110 °F)

• water inlet temperature, t\ = 77 °C (170 °F)

• wind velocity: 2.2 < V < 4.5 m/s (5 <? V < 10 mph)

This must be a minimum efficiency for all orientations.

Exterior Appearance

The exterior housing of the collector modules must be finished, so as to appear like
stained redwood. The siding material of the test house is stained redwood, and it is

necessary that the collector modules blend in and be compatible with the test house.

Other Requirements

A. Packaging

The entire system, when properly packaged, crated, and handled normally, shall be
transportable by common carriers without damage. No special carriers or moving
techniques shall be required. The vendor will assume responsibility for damages
that occur during shipment which are the result of improper packaging.

B. Operating Conditions

The collector modules with water flowing through them must be capable of operating
over an ambient temperature range from -18 °C (0 °F) to 43 °C (110 °F) and absorber
surface temperatures from -18 °C (0 °F) to 149 °C (300 °F) with a minimum of degrada-
tion of the original performance characteristics of the collector modules.

It is desirable that no damage or degradation of thermal performance should occur if

the modules are left exposed to normal sunlight conditions without fluid in the
collector plates.

C. Service Life

The equipment must have an expected life and service of at least ten years.

D. Documentation

The vendor shall provide in writing a detailed description of the collector modules
including information and test data on the collector efficiency and absorptance to

to emittance ratio.

E. Warranty

The solar collector modules shall carry a warranty covering repair labor and parts

for a period of one year after final acceptance by NBS at no extra cost to the

Government. This warranty is intended to cover such failures as leaks, degradation
of the selective surface on the absorber plates, and breakage of the cover plates
due to faulty design.
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F. Delivery

Delivery shall be made to NBS within 30 days after award of contract.

G. Delays - Liquidation Damages

After award is made to a bidder, if he fails to meet the delivery requirements there
will be deducted from payment to him, as a liquidated damage, not as a penalty, an

amount equal to 100 dollars/day of the undelivered or nonconforming portions of the

order for each calendar day of delay.
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Appendix B

Empirical Routine for the Prediction of Solar Collector Performance

The energy collected by a flat plate collector depends upon the following parameters:

Incident solar radiation

Ambient temperature

Collector plate (absorber) temperature

Wind velocity and direction

Type of glazing

Emissivity (e) and absorptivity (a) of the absorber* surface

Thermal properties of the insulation that surrounds the absorber plates

Air convection patterns in the space between the absorber and cover plate

Transmittance, reflectance, and absorptance of the cover plate

Cloud cover

Moisture and CO content of the atmospheric air

Although it is possible to write a comprehensive analytical simulation model that, takes
into account most of these parameters, the approach employed in this study was to use an
empirical routine developed by Kusuda [49] and based on the performance of double-glazed
collectors reported by the University of Pennsylvania [50, 51].

The performance of collectors having a common black absorber and selective black absor-
ber (a = 0.94, £ = 0.1'^ 0.15) were reported in the form of curves showing collector effi-
ciency versus temperature difference between the absorber surface and the cover plate
surface such as shown in Figures CI and C2. Since the cover plate surface temperature is

usually unknown, a modification was made to replace the cover plate temperature by the am-
bient air temperature.

The efficiency curves may be approximated by straight lines in the form of:

n - n (i -£ ) (i)

max

, Q energy collected ,„s
where n = t = ~ n—„ > ,. . .

— (2)
I incident solar radiation

At = temperature difference between the

absorber plate and cover plate = t - t

At = intercept of the efficiency curve with
the abscissa or the maximum temperature
difference between the cover plate and

the absorber surface
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t = absorber surface temperature
|

t = cover plate surface temperature

ri = intercept of the efficiency curve with the

ordinate

The value of At depends upon the incident radiation and the result of the experiments
max v

also shows that it is possible to approximate At by a linear function such that
max

At = b x I
max

The data on the double-glazed collector can be reduced to yield

b = 1.375

for the selective surface absorber plate and

b = 0.713

for the common black surface absorber. The same data shows that the best numerical value
for x\ is 0.78.

o

There exists the following heat transfer relationship between the cover plate tempera-
ture tc and the ambient temperature ta if it is assumed that all of the heat loss from the
collector takes place through the cover plate.

h (t - t ) = I - Q = I (1 - n) (3)
C 3.

where h = surface heat transfer coefficient at the outer
cover plate.

Combining equations (1), (2), and (3), results in the following equation, which is use-
ful for approximating the solar collector efficiency as a function of incident solar radia-
tion I, ambient temperature t , and absorber surface temperature t :

n = n
{1 -^Q- 1 + I (t

D
- t

a
)} (4)

'o
Tl + hb

Since the value of h is directly related to the wind speed over the cover plate, equation (4)

accounts for the wind as well.

The value of solar collector efficiency was thus evaluated for every hour throughout the

day by using the hourly data on h, I, and ta from the weather tape and for given values of

ts> Ho> an<* b, which are the basic parameters of the specific collector.
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Appendix C

Prediction of Solar Collector Performance for a
Typical Weather Year (1957) in Washington, D.C.

for a South-Facing Collector at Various Tilt Angles

Table CI

Thermal Output for the Year 1957 and a 12° Tilt Angle

The following twelve pages show the day by day thermal output in

Btu for double-glazed flat-plate solar collectors for the year 1957,
Washington, D.C, under all combinations of the following conditions:

absorber surface; flat black and selective black

fluid temperature; 60 °C (140 °F) and 104.4 °C (220 °F)

inclination; normal to the sun, horizontal, and at a tilt angle
of 12° from the horizon

1 Btu = 1054.35 J
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Table C2

Thermal Output for the Year 1957 and a 50° Tilt Angle

The following twelve pages show the day by day thermal output in
Btu for double-glazed flat-plate solar collectors for the year 1957,
Washington, D.C., under all combinations of the following conditions:

absorber surface; flat black and selective black

fluid temperature; 60 °C (140 °F) and 104.4 °C (220 °F)

inclination; normal to the sun, horizontal, and at a tilt angle of
50° from the horizon

1 Btu = 1054.35 J
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Appendix D

Computer Predictions for the Day by Day Performance of a

Solar Heating and Cooling System in the NBS Test House
for a Typical Weather Year (19.57) in Washington, D.C.

1 Btu = 1054.34 J
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of interest to the consumer. Easily understandable
language and illustrations provide useful background
knowledge for shopping in today's technological
marketplace.

NBS Interagency Reports (NBSIR)—A special series of
interim or final reports on work performed by NBS for
outside sponsors (both government and non-govern-
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