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INTRODUCTORY 

The Solar Energy Laboratory is nearly completed and will be in full 

operation some time during May, 1959. This specialized laboratory has been 

designed and built for work in two overlapping fields: 

1) Applied research on the development of moderate

temperature thermal processes for the direct utilization 

of sunshine. 

2) Meteorological research on problems involving the 

measurement of solar, atmospheric, and ground radiation. 

From the standpoint of amount and quality of installed instrumentation, 

this laboratory seems to be the largest and best-equipped of its specialized 

type in the United States today. It is also one of the best-located, as sunny 

weather is particularly advantageous for experimental work in this field. 

Given these advantages, a good work program at the Solar Energy Laboratory 

should make this new facility a nationally-recognized leader in the fields of 

solar heat utilization and of associated radiation measurements. 

As presently set up, the research program will involve three full

time persons, together with two or more paid student assistants. During the 

first two years of the program much (but by no means all) of the work will 

center about the study of the experimental air-conditioning system of the 

Laboratory. Most of this work will involve the processing and interpretation 

of the large amount of basic data which will be generated by the extensive 

instrumentation system. It is expected that this detailed study of the 

experimental air-conditioning system will lead to about 6 publications during 

the two-year period. Other work at the Laboratory may lead to about four more 

publications. The work load, for all concerned, is expected to be heavy. 

The work at the Solar Energy Laboratory inherently involves problems 

in the fields of Physics, Climatology, Mechanical Engineering, and Architecture; 

and the preceding list is not exhaustive. One purpose of this report, therefore, 
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is to provide a general description of the Laboratory for other interested 

University Departments. The report is also intended as a preliminary working 

guide for the Solar Laboratory personnel now engaged in setting up the mechanics 

of the research program. 

CONSTRUCTION FEATURES OF THE BUn.DING 

The Solar Laboratory is a 50 x 32 f't. single--story office building. 

An exterior view of the building is show.n in Figure 1. Landscaping and some 

construction were incomplete when this photograph was taken. Figure 5 indicates 

the floor plan and the placing of some of the installed equipment. The 

Laboratory is located at the north end of the old University polo field, at the 

corner of Warren Avenue and Chauncey Lane. The architect for the building was 

William Wilde. Standard construction methods and materials were used, but care

ful attention was given to details of minimizing the air-conditioning load and 

at the same time providing excellent natural lighting. 

The building is well insulated but not exorbitantly so by good quality 

commercial standards. Type 6 reflective insulation is used in the ceiling. 

Double-brick masonry walls are used for all exterior walls. These walls are 12 

inches thick, and are formed of two four-inch layers of concrete brick surround

ing a 4-inch cavity filled with loose perlite insulation. The overall thermal 

conductance ("U-Value" in air-conditioning parlance) of these walls is 

approximately 0.10 Btu/sq ft-hr-F, and their weight i~ about 90 pounds per sq 

ft of wall. These well-insulated and heavy walls give the structure a large 

measure of the desirable thermal lag and even-temperature properties which are 

associated with old Spanish construction using very thick adobe walls. 

Some 435 square feet of glass are used in the building, all of it 
g 

double-layer "Thermopane" glass. A fixed horizontal overhan~ is used to shade 

the south windows, and fixed vertical fins shade the north windows. In both 

cases these shading devices are designed to keep all direct sunshine off the 

windows from March 21st through September 21st, while at the same time permitting 

the windows to "see" the maximum possible amount of sky light. There are no 

·-



Fig. 1 Fig. 2 

The Solar Energy Laboratory - Apri I 1959 Control and Instrumentation Panel 

Fig. 3 Fig. 4 

Global Pyrheliometer and Normal Incidence Pyrheliometer Inflation of Tube-in-Strip 
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windows on the east wall of the building. There is a 28 sq ft window on the 

west wall. This window is shaded from direct sunshine by a. long root deck and 

a judiciously placed vine. Not much direct sunshine falls upon it during the 

summer months. All windows are fixed, and ventilation is provided by a small 

fan which operates continuously during working hours to bring in 200 cubic feet 

per minute of outdoor air. 

The ASHAE Guide (1) recommends a winter design outdoor temperature ot 

30 F for Tucson. At this temperature of 30 F, the total steady-state heat 

requirement of the building (as calculated by conventional ASHAE Guide methods, 

and assuming an interior temperature of 75 F), is 34,6oo Btu/hr. 

Both winter heating and, especially, summer cooling load calculations 

for the Solar Laboratory were carried out in more detail than is customary in 

air-conditioning practice. The summer "calculated design heat gain" of the 

building is shown in Figures 6a and 6b. A good deal of work lies behind these 

graphs, and we hope to have a report available soon describing the calculation 

procedures used. At present, for the benefit of air-conditioning engineers who 

may be interested, the following brief remarks pertain to Figures 6a and 6b: 

1. The hypothetical "design day" upon which the calculations are based 

is July 1st, assumed a clear day, outdoor air temperatures varying sinusoidally 

from 77 F to 107 F, wind 5 mph. 

2, Calculations for window heat gains include allowance for diffuse 

sky radiation through windows. 

3. Wall and roof heat gains include the following calculations: 

a. The sol-air temperatures for each wall and for the 

roof were calculated for the prevailing Tucson 

conditions of fairly high solar intensity and light 

winds. 

I 
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b. Lag and smoothing effects of the heavy masonry 

walls were calculated al.Ong lines laid out by 

Mackey (2), Alford (3), and Johnson (4). 
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4. As indicated in Figures 6a and 6b, the design heat gain of the 

Solar Laboratory is all "sensible heat gain," and no allowance is made for 

"latent heat gain" ca.used by dehumidification. No dehumidification means are 

provided in the heating-cooling system at present, a matter which is discussed 

more fully in the next section of this report. 

The building is well lighted, the daytime lighting intensity 

throughout the building usually being about 50 footcandles. There is nothing 

novel about the windows or their placement; they were designed according to 

standard daylighting methods suggested by the Ill.uminating Engineers handbook ( 5) • 

However, it is somewhat unusual to use such a large amount of natural. lighting 

in air-conditioned buildings in the southwest, because the necessarily large 

window expanse increases the cooling load. As will be mentioned in a later 

section of this report, the Solar Laboratory provides excellent opportunities 

for studying, under southwestern conditions, the overa.11 costs o:t natural 

lighting as compared with the overall costs of artificial. lighting. 

THE EXPERD1ENTAL HEATING,-,OOOLING SYSTEM 

The feature of greatest general. interest about the Solar Laboratory 

is that the building is heated and cooled by a system using sunshine as the 

energy source for heating and using the night sky as an energy sink for cooling. 

The heating-cooling system uses water as an energy-transport and energy• 

storage medium. The flow s.~emes are shown in Figures 7, 8, and 9~ Basically, 

the system has the following components: 

l.) A l.arge flat-plate heat exchanger mounted on the roof pf the 

building. Water is heated as desi:r:ed by circulating it through this heat 

exchanger when the sun is shining upon it. If it is desired to cool the water, 

it is circulated through the .,,-oof beat exchanger ~t night. 
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2) An insulated water storage tank, arranged with a horizontal 

baffle across the mid-portion of tank. The water stored in this tank can be 

at a lmiform temperature throughout the tank or, if desired, hot water can be 

stored in the upper half of the tank and cold water in lower half of the tank, 

the two layers of water being kept apart by the insulating baffle. 

3) A heat pump, operated by a conventional motor-driven refrigerant 

compressor, and having its evaporator coils in the lower halt' of the tank and 

e 
its cona.ens,r coils in the upper part of the tank. When operated, the heat 

pump "pumps" heat from the lower half of the tank to the upper half. Such 

operation increases the temperature difference between the upper and lower 

halves of the tank, the temperature of the upper half being increased, and that 

of the lower half being decreased. 

4) A second large flat-plate beat exchanger which forms the 

interior ceiling of the building. Warm water is circulated through these ceiling 

panels to heat the building; cool water is circulated through them to cool the 

building. 

5) Two centrifugal pumps, together with associated piping and 

motorized valves, so arranged that water from either half of the tank can be 

circulated through the roof heat exchanger as desired, and, likeWise, water from 

either half of the storage tank may be circulated through the ceiling panels as 

desired. 

6) A completely automatic control system which operates the pumps, 

valves, and refrigeration compressor to perform the following fl.mctions: 

a) 'lhe roof heat exchanger is operated to heat the tank 

water, to cool it, or to both heat and cool it. In the last case, of course, the 

upper tank is heated during sunny periods and the lower tank is cooled at night. 

b) The ceiling panel heat exchanger is operated to heat or cool 

the building. 
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c) The heat pump is operated if at any time the hot water in the 

top of the tank is not at a high enough temperature to properly heat the 

building, or if at any time the cold water in the bottom of the tank is not a.t 

a sufficiently low temperature to properly cool the building. 

As will be noted from the flow schemes (Figures 7, 8, and 9) the 

heating-cooling system can be set to operate in any one of three possible ways: 

"Heating Only," which is used in the winter; "Cooling Only," used in the summer; 

and "Combined Heating-Cooling," used in spring and fall. The choice of any of 

these types of operation is made by turning a single three-position switch on 

the master control panel. 

The remaining paragraphs of this section describe the components of 

the heating-cooling system in somewhat more detail. 

The roof heat-exchanger is made of copper "Tube-in-Strip," a sheet 

metal product with "built-in" tubes developed by the Revere Copper and Brass Co. 

This material is shipped flat in long 16-inch width coils. The tubes are formed 
tf 

at the site by an inflation procedure using hydraulic pressure. Figure// is a 

view of the inflation setup used to fabricate all Tube-in-Strip for the Solar 

Laboratory. This work was done by student assistants and personnel of the 

Institute of Atmospheric Physics during the summer of 1958. 

Some details of the roof heat exchanger and the ceiling panels are 

given in Figure 10. The roof heat exchanger is so designed that.it also serves 

as roofing for the building. This heat exchanger is located above the upper 

water level of the storage tank, and the connecting piping is so arranged and 

vented that the exchanger drains back to the tank whenever its circulating pump 

is stopped. In order to attain uniform flow throughout the roof heat 

exchanger, each tube of this exchanger is equipped with a. small balancing valve 

(these are not shown in Figure 10). 
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The surface of the roof heat exchanger is painted a dark green. This 

color was chosen instead of flat black for aesthetic reasons. The dark green 

color has a slightly lower solar absorptivity than a flat black. Consequently 

the winter heating performance of the roof heat exchanger is slightly lower 

than if it had been painted black. Insofar as summer night cooling performance 

is concerned, the visual color of the paint used does not influence the long

wave radiation from the exchanger. 

The insulated water storage tank, located outdoors near the 

northwest corner of the building, is 10 f't in diameter and 8 f't high, contains 

approximately 4,500 gallons of water. The insulating baffle inside the tank 

is a large disc, 4 inches thick, made of styrofoam, and held in place at the 

center of the tank by a steel frame. The radius of this styrof'oam disc is 

three-quarters of an inch less than the inside tank radius, thus leaving a 

three-quarter inch wide water passage around the circumference of' the disc. 

Water circulates by thermosyphon action through this passage connecting the two 

tank halves whenever the lower half of the tank is at a higher temperature than 

the upper half. 

This insulating baffle arrangement appears to be working very 

satisfactorily. When the tank is used as two "half-tanks," the upper filled 

with hot water and the lower with cold water, very little mixing or heat 

exchange appears to take place between the upper and lower tanks. 

The heat pump uses a 1-1/2 HP compressor which circulates 

Refrigerant-12. 

The condenser and evaporator coils, both installed within the tank, 

consist of concentric spirals of' copper tubing. The condenser, mounted just 

above the insulating baffle, has 400 f't of 3/811 OD tubing in 8 parallel circuits. 

The evaporator, just below the insulating baffle, is of similar construction, 

contains 500 ft of 1/211 OD tubing in 10 parallel circuits. This placing of 

condenser and evaporator inside the tank has the virtue of eliminating any 
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auxiliary water circulating pumps. However, such placing has the disadvantage of 

making the coils highly inaccessible in case repairs should be needed. 

We presently consider that the placing of the coils inside the tank 

was a. design error on our part, and that a better scheme would have been to use a 

conventional water chiller with the condenser coupled by pump to the upper tank 

and the evaporator similarly coupled to the lower tank. 

The ceiling panel heat exchanger (Figure 10), used to heat or cool the 

building interior, is made of Tube-in-Strip similar to that used on the roof, and 

covers the entire ceiling. The inside diameter of the tubes in the ceiling panel 

is 1/211 , while the inside diameter of the roof heat exchanger tubes is 5/16". 

In both cases the sizing was chosen to give minimum pressure drop consistent with 

turbulent flow in the particular circuits used. The ceiling panels are held up 

by many small anchor bolts attached to the roof' joists and cemented to the upper 

side of the copper sheets. The underside of' the ceiling panels is painted a flat 

white. 

The pumps and motorized valves, as weU as the refrigerant compressor, 

a.re all located in a box near the storage tank. The system was designed and 

sized for a rather high flow rate at low pumping costs. Most of the connecting 

piping is 1-1/2" Type DWV copper drainage tube. Circulating pumps are 1/4 RP 

Ailis-Chalmers brine pumps, judiciously sized to meet the head and flow re

quirements. The flow rate through each heat exchanger (roof and ceiling panels) 

is about 30 gpm. 

The control system was designed by Minneapolis-Honeywell engineers work

ing in cooperation with this writer, and was donated in its entirety by the 

Minneapolis-Honeywell Company. The control system comprises two essentially 

independent parts: tbe tank control system and the interior temperature control 

system. 

The tank control system operates to keep the upper and lower halves of 

the storage tank at desired temperature, insofar as weather conditions permit. 
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The basic sensors of this part of the system are three resistance-type 

temperature sensors, one in the lower tank, .one in the upper tank, and one 

attached to a dummy roof panel mounted atop the tank and set at the same tilt 

as the roof. These three sensors measure the temperature differences between 

the dummy roof panel and the lower tank, and between the dummy roof panel and 

the upper tank. From the information received through these temperature

difference sensors, together with that received from other thermostats responding 

to actual. tank temperatures, the tank control system acts to circulate water 

through the roof heat exchanger from either half-tank whenever it is both 

necessary and possible to heat (or cool) the particular half-tank. 

The interior-temperature control system also uses resistance-type 

sensors. It operates to modulate the temperature of water delivered to the 

interior ceiling panels, and is very similar to standard temperature-

modulating control systems used with conventional floor panel heating systems. 

If at any time the interior-temperature control system "wants" a water 

temperature higher or lower than is currently available in the tank, the system 

starts the heat pump. The ;-ate of temperature change produced by the heat pump 

"working on" the large amount of stored water is of course small, being about 

1-1/2 degrees per hour. However the heavy building itself has large thermal 

inertia, and it is not necessary t~ make quick changes in water temperature in 

order to meet rapidly varying heating or cooling loads. The building is heated 

or cooled on a 24-hour basis, and the interior design temperature is 75 F, winter 

and summer. 

No means for dehumidification of indoor air are provided at present 

in the heating-cooling system. Consequently, in order to avoid condensation 

upon the ceiling, the water entering the ceiling panels must be at a 

temperature slightly above the prevailing outdoor dewpoint. During the humid 

pa.rt of the summer season ( July and August), the prevailing absolute humidities 
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and corresponding dew points in southern Arizona are fairly high. Figure ll 

presents the average July dew point throughout the United States (6), and it 

will be seen that the absolute humidities in southern Arizona during this month 

are higher than those in the rest of the western half of the United States. 

It is expected that the heating-cooling system of the Laboratory will 

provide excellent indoor summer comfort conditions with outdoor dew points up 

to 68 F. This figure is attained fairly regularly at Tucson during the humid 

months, but is rarely exceeded for periods of more than two or three hours. 

Dry-bulb temperatures higher than 85 F when the dew point is 68 For higher are 

very infrequent, although a simultaneous occurrence of 94 F dry-bulb and 69 F 

dew point has been observed. For an outdoor air condition of 90 F dry-bulb and 

68 F dew point., we believe that the air temperature inside the building can be 

held to about 78 F., and that the interior dew point will be only slightly above 

68 F. This corresponds to an indoor relative humidity of around 75i. 

The ASHAE "Comfort Chart" in present use indicates that an indoor 

air condition of 78 F dry-bulb and 75~ relative humidity is not particularly 

comfortable. However, we are confident that such a condition in this building 

will be found quite comfortable. The work of Yaglou (7)., Glickman (8) and others 

seems to us to have shown conclusively that the present ASHAE Comfort Chart 

strongly overestimates the eff~ct of relative humidity upon comfort at lower 

dry-bulb temperatures. Also, in this building, the relatively low mean radiant 

temperature of the cool ceiling will undoubtedly have a strong effect upon the 

comfort level. This effect has been evaluated in a recent article by Janssen, 

Mcnall, and Sutton (16). 

It will be noted that., under humid conditions, we expect to cool this 

building in a completely satisfactory manner with water entering the ceiling 

panels at a temperature only about 10 degrees cooler than the average interior 

air temperature to be maintained. Many air-conditioning engineers will be quite 

sceptical as to whether this can actually be accomplished. 
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Biis scepticism is justified. Our ca.lcuJ.ations on this point indicate 

that, with no 11safety facto,r," the desired interior air conditions can barely be 

maintained during summer periods of combined high humidities and high 

temperatures, The coming summer season may prove these calculations to have 

been slightly on the optimistic side, and there is a definite possibility that 

during JuJ.y and August we may have troubles with condensation on the ceiling or 

troubles in holding the building interior to desired temperature. It' these 

troubles occur, we plan to dehumidify the interior air sufficiently to permit 

operation of the ceiling panels at a temperature low enough to bring the 

building interior dow to the desired temperature. 

Aside from test cubicles, the Solar Laboratory seems to be the only 

building SQ far built in the United States in which the entire cooling load is 

to be handled by ceiling panels and which nevertheless is expected to produce 

genuinely high quality interior comfort conditions. In view of the hot and 

sometimes humid climate in which it is located, its performance will certainly 

be a test of panel cooling, and will certainly be of genei'al interest to the 

air-conditioning profession. 

INSTALLED INSTRUMENTATION 

From the standpoint of the research engineer, the feature of greate~t 

general interest about the Solar Laboratory is the plentifuJ. supply of versatile 

instrumentation which has been installed. This instrumentation is not solely for 

study of the experimental heating-cooling systflln, but is also for use in a 

variety of other projects which are describ~d in later sections of this report. 

Most of the major pieces of instrumentation have been installed in 

permanent fashion. Interconnection terminal boards and generous-sized wire 

raceways a,:re provided so that recorde~ and other in~ta.lled equipment can be 

"hooked up" as required by different :projects. Figures 2 and 3 are photographs 

of some of the installed instrumenta:tion. 
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A listing of' the major pieces of presently available equipment is 

as follows: 

STANDARDS 

One Abbot silver-disc pyrheliometer. 

One Rubicon potentiometer. 

RADIATION-MEASURING EQUIPMENT 

'lbree Eppley g.lobal pyrheliometers, two with associated recording 

potentiometers for continuous-record measurements. 

Two Eppley normal-incidence pyrheliometers, one with associated 

recording potentiometer for continuous record measurements. 

One Beckman-Whitley hemispherical radiometer with associated 

recording potentiometer. 

One Suomi ventilated radiometer for measurement of net radiation 

between ground and sky. 

One 11 Instruments Corp." pyrheliometer. 

One sunshine-duration transmitter, with associated timing 

equipment. 

TEMPERATURE-MEASURING EQUIPMENT 

One twelve-point recording potentiometer, compensated for use with 

copper-constantan thermocouples. 

Two recording hygrothermographs. 

MISCELLANEOUS EQUIPMENT 

Two recording floweters. 

One twenty-channel time-of-operations recorder. 

One anemometer and wind-direction transmitter (coupled to time-of-

operations recorder to give continuous record of wind velocity and direction)~ 

Seven kilowatt-hour meters. 

One twelve-point recording potentiometer. 

One six-point recording potentiometer. 
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All told, there are at present some twelve continuous-record 

machines in operation at the Laboratory, about six of them being multi

channel devices. The problem of maintaining all of this equipment in regular 

and accurate operation is no small one. Routine maintenance and routine 

accuracy checks will of necessity be an important feature of the work at the 

Laboratory. As presently set up, practically all of the installed equipment 

can be independently c~ecked for accuracy in one fashion or another. Notable 

exceptions to this are the two recording flowmeters, whose accuracy we 

presently have no way of independently checking. Since the data from these flow

meters is a vital part of much of the test program associated with the heating

cooling system, one of the first minor projects at the Laboratory will be the 

design and construction of an auxiliary flowmeter to check the installed 

recording flo'Wllleters. 

In connection with accuracy checks, it should be mentioned that the 

taking of a daily heat balance of the energy added to the heating-cooling 

system provides a good method of checking the accuracy of all instrumentation 

used in establishing this heat balance, as practically all heat flow to the 

system (as well as the change in tank heat storage) is directly measured. 

OUTLINE OF THE RESEARCH PROGRAM ASSOCIATED WITH THE HEATING-COOLING SYSTEM 

During the first two years of operation of the Solar Laboratory, a 

major portion of the work will center around the study and analysis of the 

performance of the heating-cooling system. A very condensed outline of the 

problems to be attacked is given by Figure 12, which ma.y be regarded as a sort 

of "flow scheme" of the work to be done in connection with the heating-cooling 

system over the next two years. Because of the inherent planning uncertainty 

necessarily associated with research it is probable, to say the least, that even 

such a condensed and generalized plan as given by Figure 12 will be considerably 

modified and changed as time passes. 



ANALYSIS OF COMPONENTS 

Roof.Heat Exchanger 
Clear Sky Conditions: 

Calculated heat rejection rates l Observed Rates 

Calculated heat collection rates 1 Obsel"lfed Rates 

All Sky Conditions: 
Determine suitable empirical relations for estimates 
of daily heat rejection or collection as functions of 
regularly tabulated daily Weather Bureau data. 

Heat Pump - Storage Tank - Ceiling Panels 

Condenser & evaporator ? 
heat transfer rates = Calculated values 

Heat exchange between ! Calculated values 
upper and lower tank 

? 
Ceiling panel cooling rates = ASHAE values 

Ceiling panel heating rates ? ASHAE values 

Building 
Clear Days: 

Hourly cooling requirements ! Calculated values 
? 

Hourly beating requirements = Calculated values 

Humid Days: 

Comfort reactions of occupants. 
Panel condensation problems. 

All Days: 
Determine suitable empirical re:Lations for esti
mating daily building beating or cooling require
ments as functions of daily Weather Bureau data. 

\V 

ANALYSIS OF SYSm-iS 

Interrelations between collector sizing, storage sizing, and auxiliary 
beating-cooling requirements for this building and this system. 

Same interrelations for heating-cooling systems in general, assuming south
western climatic and building conditions. 

Further extension of same interrelations to cover other U. s. climates, 

Fig. 12 
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However, regardless of possible modifications and changes in details, 

there are some features of the program as planned which will certainly be 

adhered to. Among these are the following: 

1. The program is a stepwise procedure: the performance of 

individual components is first analyzed and understood, and only after these 

first steps have been taken satisfactorily is the step taken to overall 

analysis of this particular heating-cooling system. And the further step to a 

generalized system analysis is not taken until this particular system has been 

satisfactorily analyzed. 

2. Both component analysis and later system analysis are always to be 

attacked from the standpoint of comparison and reconciliation of predicted 

results with actual experimental results. And always, when predicted results do 

not agree with actual results, the question to be answered satisfactorily before 

proceeding further will be ''Why not? 11 

3. The end results of the program, both in respect to analysis of 

components and analysis of systems, should be as generally applicable as 

possible, and not narrowly restricted to a particular type of component or 

particular type of system. Also, if 1>ossible, the results shou1d not be limited 

to application only under southwestern climatic conditions. 

The preceding features of the program are, in point of fact, merely a 

recitation of self-evidenttruthscoacerning the desirable features of any 

research program of this type. However, it seems desirable to emphasize them, 

as some solar heating research work in the past has been strongly characterized 

by inadequate basic theory, inadequate data, and results narrowly restricted in 

application. It is the hope of the Solar Laboratory to avoid all of these 

pitfalls. 

It is not intended in this survey report to "get down to cases" on 

specific technical problems associated with the research program on heating

cooling systems. But it has seemed desirable to take one specific problem as 
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an example, and discuss it in moderate technical detail. This has been done in 

Appendix I, and the specific problem chosen is that of reconciling the calculated 

steady-state heat collection (or heat rejection) rate of the roof heat exchanger 

with actual observed values. 

The research program on the heating-cooling system is presently 

expected to result in about 6 publications over the two year period. 

OTHER SCHEDULED WORK 

The test program on the heating-cooling system will not comprise all 

of the activities of the Solar Energy Laboratory. Additional work programned 

for the first year of operation falls under about seven headings listed below. 

It is planned that, if necessary., all of these projects will be handled by 

regular Laboratory personnel and paid student assistants. However., several of 

the projects are very well suited for undergraduate special problems or 

graduate theses, and it is hoped that some of them can be hand1ed in this way. 

Those projects suggested as suitable for special problem or thesis work are 

indicated by an asterisk. 

1. Maintenance of Local l?xz:heliometric Records for the 

Weather Bureau. 

The program of continuous-record pyrheliometric measurements 

started in 1954 by the Institute of Atmospheric Physics will be continued. A 

summary of these measurements is published monthly in the Weather Bureau's 

"National Climatological Summary.," and the measurements are also used, of 

course., in connection with the test program and other work at the Laboratory. 

Preparation of the records is a routine but somewhat tedious aff~ir., requiring 

about 24 hours monthly. A good deal of this time is spent in hand integration 

of the horizontal surface radiation charts., a chore previously done by an 

autanatic machine integrator built at the Institute. This device wore out 

about six months ago, and a new and improved model is now being built. 
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*2. Radiometer Project. 

This project has as its aim the development of a suitably 

accurate instrument for the measurement of total downcoming atmospheric 

radiation. From this measurement it is possible to calculate the net outgoing 

radiation to the sky from the upper surface of an exposed horizontal thermally 

black plate at a known temperature. Net outgoing radiation measurements of this 

type are of particular importance in analyzing the sU1JD11er nighttime behavior of 

the roof heat-exchanger, and are also of interest in connection with a variety 

of meteorological problems. 

Several meteorological instruments a.re available for the 

determination of total downcoming atmospheric radiation. However, the published 

results of two fairly comprehensive instrument intercomparisons (9) (10) strongly 

suggest that, insofar e.s determinations of net outgoing radiation from surfaces 

near air t~rature a.re concerned, none of these instruments can be relied 

upon.to give an accuracy closer than about 10 to 20 percent. This is a lower 

accuracy than is desirable, and it is hoped that a better radiometer can be 

designed. 

This radiometer project is one of the more important auxiliary 

projects associated with the Solar Laboratory, and has been under preliminary 

investigation by this writer for several months. It is expected that this 

project will. continue for at lea.st another six months. Some of the work of 

this project is ideally suited for undergraduate or graduate work by a student 

in the Depar'bnent of Physics or of Meteorology. 

3. Portable Cold Box Project. 

This work has to do with the design and construction of a small 

cold chamber suitable for ice nucleation studies which are carried on in an 

airplane. It appears that a suitably designed freon-refrigerated chamber would 

conform nicely to the requirements of portability, variable temperature range, 
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and reasonably close temperature control. The design of such a device is a 

short-term project of the Laboratory, and is expected to last a month or two. 

*4. Atmospheric Transmissivity Project. 

This project contemplates a regular series of comparisons between 

apparent actual transmissivities of the atmosphere for solar radiation (as 

deduced from normal-incidence pyrheliometer observations) with values of 

transmissivities as calculated for the same atmospheric conditions from Parry 

Moon's equations (11). 

Most engineering work on the solar transmissivity of the atmosphere is 

based on this work of Moon, who in 1940 assembled what appeared to be the best 

theoretical work on the subject into a set of equations which permit the 

calculation of atmospheric transmissivity under varying conditions of air 

density, air path length, and varying amounts ~f water vapor, carbon dioxide, 

and dust present in the air. Moon's equations have recently been put into 

convenient graphical form by Jordan (12). 

Average values of atmospheric transmissivity as calculated by Moon's 

equations appear to agree fairly well with average measured values. However, 

comparisons between individual calculated and measured values do not seem to be 

available and are desirable. Such comparisons will be made regularly at the 

Solar Laboratory during its first year of operation. The combination of 

excellent available pyrheliometric equipment combined with an excellent site 

(sunny and with reasonably wide variations of atmospheric moisture and dust 

content) make this a fine location for such work. 

This project is well suited to be handled in its entirety by a 

graduate student in Meteorology. 

*5• "Cooperating Buildings" Project. 

It is planned to enlist the cooperation of several local owners 

of small air-conditioned buildings having size, occupancy, and lighting

intensity characteristics more or less similar to those of the Solar Laboratory. 
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From 'these owners will be obtained pertinent architectural information 

concerning their buildings' size, construction details, type and amount of 

installed air-conditioning, lighting intensity, etc.; together with their 

monthly records of gas and electrical energy consumption. 

Comparison and analysis of these operating costs of several 

conventional small buildings with those of the Solar Laboratory should prove 

most informative. This will be particularly true if, as is intended, the study 

is carried out in a sufficiently comprehensive fashion as to give a good 

insight into the basic reasons for the varying operating costs which will be 

found. 

This study would make an ideal subject for a Master's thesis, or for 

a cooperative study involving two theses, and is suitable for students in the 

Architecture Department or in the Department of Mechanical Engineering. 

~~6. Auxiliary Flo'Wllleter Project. 

As was mentioned in the section on Instrumentation, we do not 

at present have means for independently checking the overall accuracy of the 

recording flo'Wllleters. What is needed is a conventional orifice-plate and 

manometer setup, with associated piping suitably designed for good accuracy, 

ease of control, and convenient hookup. The design of such a setup is a 

straightforward and conventional problem in flow measurement. The problem 

would be an excellent one for an advanced undergraduate or graduate student in 

the Mechanical Engineering Department. 

7. Dehumidification Equipment. 

As discussed earlier in this report there is a possibility that 

auxiliary dehumidification equipment may be found necessary for the heating

cooling system of the Laboratory. If it is found to be needed, the necessary 

equipment will be designed and installed in the late summer. 

PRELIMilrARY WORK TO BE COMPLETED - INITIAL TABULATIONS & RECORDS 

Of' immediate interest to the personnel of the Solar Laboratory is the 

work schedule for the coming months. It will be heavy. 
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~though this report may have so far given the impression that all 

equipment has been installed in the Laboratory, this is not actually the case 

at this writing (April 1959). Installation of the heating-cooling system is 

essentially complete; in fact, most of the heating-cooling system has been in 

operation since October. However, most of the instrumentation, although on 

hand, has not yet been installed and placed in regular operation. During the 

next six weeks the installation of this instrumentation will be dovetailed in 

with a buildup of the initial test program, and it is expected that by late 

spring the test program will be well underway. 

The remaining installation work includes the following: 

1. Completion, calibration, and installation of thermopile 

assemblies used for measuring temperature difference between entering and 

leaving water, in both roof heat exchanger and ceiling panel lines. 

2. Placing of flowm.eters in operation. 

3. Installation of tilted surface global pyrheliometer. 

4. Installation of tank and roof temperature sensors. 

5. Installation of Weather Bureau shelter and associated 

temperature-measuring equipment. 

6. Installation of anemometer and associated equipment. 

7. Installation of time-of-operations recorder. 

8. Installation of sunshine-duration recorder and associated 

equipment. 

9. Installation of radiometer. 

10. Installation of domestic hot water heater. 

11. Rebalancing of flow in roof heat exchanger. 

Along w.l. th this work will go a buildup of the system of records and 

tabulations which will form the backbone of the research program. These will be 

necessarily voluminous. Furthermore, both for reasons of economy and avoidance 

of clerical errors, it is desirable that these records be processed by as few 
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persons as possible, and that these persons have a good mderstanding of what 

they are doing, A good deal of thought, therefore, has been and will 

continue to be given to the problem of reducing the paper work and making it as 

convenient and mderstandable as poss~ble. 

All hourly, daily, and monthly tabulations planned for the start of 

the program are listed in Appendix II. Although the list as there presented 

is not entirely self-e:x;plana.tory to one not directly connected with the 

program, its perusal should be most helpful to anyone wishing to form a 

clearer picture of the routine work at the Laboratory. 

The initial sets of tabulations listed in Appendix II have four 

objectives: 

l. Preparation of a daily heat balance on the heating-cooling 

system. 

2. Comparison of calculated roof heat exchanger performance with 

apparent actual performance. 

3. Preparation of a daily heat balance on the building. 

4. Accumulation of comparative operating cost data concerning the 

heating-cooling system. 

5. Accumulation of comparison data concerning the energy 

consumption of the Laboratory and several similarly sized "cooperating 

buildings." 

The daily heat balance on the heating-cooling system is essentially. 

an instrumentation check, as practically all of the heat entering or leaving 

the heating-cooling system can be measured, As soon as satisfactory daily 

heat balances on this system are regularly obtained, this beat balance Will be 

made at less frequent intervals. 

Comparison of calculated and actual roof heat exchanger performance 

involves quite a few ramifications, some of which are discussed in Appendix I. 

This work, for which an initial form of tabulation is given in Appendix II, 
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will be started as soon as satisfactory daily heat balances on the heating

cooling system are being attained. The roof heat-exchanger test program is 

expected to continue., with variations., for some time. 

The daily heat balance upon the building will be ma.de at this time 

merely to check for· any gross inaccuracies in our calculations of the building 

heating and cooling requirements. If no such inaccuracies are found, the 

tabulatidh of this heat balance will be discontinued for the time being. 
I . , . . . : 

However it is hoped that further work of this nel.ture, having to do with the 

thermal propert!es of the stru&~e itselfJ can lat~r be undertaken a~ graduate 
I ' 

study projects. Several such projects are suggested in the next ~ection of 

this report. 

The gathering of comparison data between the Laboratory and several 

other "cooperating buildings" is expected to be a continuing project. 

OPPORTUNITIES FUR GRADUATE WOBK 

The versatile facilities of the Solar Energy Laboratory provide an 

excellent base for research in any of the following fields: 

l. Thermal process utilization of sunshine. 

2. Measurement of solar and atmospheric radiation. 

3. Heating and cooling requirements of structures in southwestern 

climates. 

4. Natural lighting of structures in southwestern climates. 

These fields of study are much more closely related than they may 

appear, as they all rest on very much the same portions of the basic sciences. 

Furthermore all of these fields present a wealth of problems which are 

real, unsolved., and challenging, but nevertheless of sufficiently moderate scope 

as to be appropriate for graduate thesis work. 

By way of example., some fifteen potential graduate student projects 

a.re listed below. We presently envision that some three or four such projects 

might be handled by the Solar Energy Laboratory at any one time, by some sort of 
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cooperative arrangement between the Laboratory and the University Department 

to which the student might be assigned. 

No cooperative graduate student projects such as these are presently 

scheduled and, at present, no f'unds for the purpose are available from the 

Solar Laboratory. In many cases, the amount of necessary f'unds would be 

quite moderate. In all cases, we will welcome discussion with interested 

students and faculty members concerning the possibilities of setting up such 

cooperative graduate student projects. 

Our fifteen examples of possible projects are as follows: 

1. Studies of "Selective Coatinp." 

It is possible to produce surfaces whose absorption coefficients tor 

solar radiation are high but whose emmissivity coefficients tor long wave 

radiation are low. Such surfaces are potentially of very great practical im

portance in the development of improved flat-plate solar heat collectors. 

Pioneer work in this field has been done by Tabor ( 13). Further studies leading 

to a better understanding of these coatings and how best to improve them are 

needed. Al though we are not too familiar with the nature of the problems to be 

expected, we believe that any reasonably thorough and basic study would be 

complex, perhaps best attempted by workers intending to continue the study 

for two or three years. The work lies mostly in :ta.e fields of Physics and 

Physical Chemistry. 

2. "Open-Flow" Type Water-Heating Solar Heat Collectors. 

The general type of collector referred to is one formed of two 

closely spaced parallel sheets between which water flows by gravity and is 

caught in some sort of gutter as it leaves. In theory, collectors of this type 

could be efficient and economical; in practice., various operating difficulties 

of non-uniform flow, corrosion, etc., might occur. In any case, the 

potentialities of this particularly simple type of collector should be 
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evaluated, first by design studies on paper to pick a promising design and 

predict its perfonnance, second by actual construction and testing of suitable 

test models. This type of collector-testing project is not inordinately complei, 

but neither is it as simple as might appear. It is well adapted for a Master's 

Thesis in Mechanical Engineering. 

3. "Screen-Type" Air-Heating Collectors. 

This type of air-heating collector was first used by Bliss (14). It 

seems to have about as good a combination of efficiency and economy as any air

heating solar heat collector yet designed. Air-heating collectors of this type 

should be further studied and tested. This a.gain is a project suitable for 

work in cooperation with the Mechanical Engineering Departlllent. 

4. Mathematical Problems. 

There are several heat transfer problems arising in connection with 

solar heat collector design and in connectio~ with air-conditioning design for 

which the differential equations and boundary conditions can be set up promptly, 

but whose solution proves difficult (at least to this writer). Some of the 

problems of this nature which have come to our attention are the following: 

l. The problem of calculating the perfonnance of a tube-type 

water-heating collector with return bends (i.e., one in which the flow in 

adjacent tubes is in opposite directions). 

2. The problem of designing header pipes for parallel flow 

collectors in order to attain unifonn flow in all tubes. 

3. Problems involving non-steady state heat conduction through 

composite walls. 

It is tentatively suggested that some of these problems may be as hard as we 

think they are, and might properly engage the attention of a graduate student 

in the Department of Mathematics. 
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5. Heat~Operated Refrigeration Cycles. 

These have obvious potentialities as an eventual method of solar 

energy utilization. The place to start, as we see it, is with a thorough 

analysis (on paper) of all presently known cycles, with a view of determining 

those which seem best adapted for operation with energy supplied at fairly low 

temperature levels. Such fairly low temperature levels are a characteristic of 

all reasonably economical solar heat collectc>rs. This project would seem 

suitable for a student in Mechanical Engineering or, perhaps, for one in the 

Department of Physics. 

6. Domestic Hot Water Heater Studies. 

The Solar Laboratory will be equipped With a small domestic type 

solar hot water heater. Although intended chiefly for demonstration, it will 

also be used to heat the hot water used in the lavatory. Like most of the 

other equipment at the Laboratory, this domestic water heater will be 

"instrumented." Daily water consumption, water temperatures, and power con

sumption {circulator and auxiliary heater) can all be measured. There are 

several useful performance studies which might be made of this domestic water 

heater. The work seems appropriate for a student in Mechanical Engineering, 

might also be of interest to the Home Economics Department. 

7. SWimming Pool Heat Requirements. 

Judging from the large number of inquiries we have received, there is 

more local public interest in solar heating of swimming pools than in any other 

possible use of sunshine. This is becoming an increasingly important problem 

throughout the southwest, and is worthy of attention. The first step in a 

solution, as we see it, is to determine fairly closely the day-to-day heat 

requirements of a pool as a function of pertinent day-to-day weather variations. 

This is a more complex problem than might be expected, is worthy of the 

attention of students in Mechanical Engineering or in Meteorology. 
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A favorable region for solar space heating is one with a long sunny 

winter and with locally high costs of conventional fuels. The problem arises of 

"putting some numbers" to the preceding statement, and determining which regions 

seem most favorable, and "how much." This is no easy problem, nor is it one 

to which a really good answer could be attained at present. Nevertheless there 

are opportunities for much useful work on the problem. Chiefly involved are 

matters of climatology and economics, and a problem of this nature might best 

be considered by a student in Meteorology or in Business Administration. 

9. Analysis of Control System. 

The heating-cooling system of the Solar Laboratory uses a 

particularly elaborate control system. A thorough study and analysis of this 

control system would be most interesting and useful. The study might well be 

undertaken by a student in Electrical Engineering. 

10. Comparison of Artificial and Conventional Natural Lighting Methods. 

A small building may be satisfactorily lighted with natural light 

through conventional windows, with artificial light, or with a combination of 

the two. The question arises as to the preferable method, considered both from 

the standpoint of economics alone and from the broader viewpoint of economcis 

and aesthetics combined. Considering economics alone, the question becomes one 

of comparing the cooling cost associated with natural lighting with the sum of the 

cooling and luminaire operating costs associated with artificial lighting. A 

good study of these questions would be most valuable. This project, as well as 

the remaining five which follow, could well be handled by students in either 

the Department of Mechanical Engineering or the Department of Architecture. 
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ll. Unconventional Methods of Natural Ligllting. 

When conventional windows are used to admit natural light to a 

building, there is usually a large amowt of added heat transfer through the 

window due to the temperature difference between the indoor and outdoor air. 

Under southwestern summer conditions this added heat transfer into the building 

greatly reduces what may be termed the "overall luminous efficiency" of the 

window (i.e., lumens passing through window divided by total watts passing 

through window). As a result, wder southwestern summer conditions the overall 

luminous efficiency of a conventional window is usually considerably less than 

the luminous efficiency (lum.ens/watt) of artificial lighting. However, since 

natural light itself has a luminous efficiency about 2-1/2 times greater than 

the most efficient artificial lighting, it should be possible with natural light 

to obtain more light and less heat within a structure than can be obtained with 

artificial lighting. This probably can be done with suitably designed sky

lights, and a thorough study o:f' the problem is indicated. 

12. Sol-Air Temperatures for the Southwest. 

"Sol-air" temperature is a term used by air-conditioning engineers, 

and is used in calculating the heat transfer through walls. It may be defined 

as the exterior surface temperature which would be attained at the outside face 

of a lightweight and non-conducting wall. Average sol-air temperatures are 

tabulated in the ASHAE Guide. In general, they a.re erroneously low for 

southwestern conditions, because this region has higher air temperatures, 

somewhat higher solar intensities, and somewhat lower wind velocities than those 

used in calculating the sol-air temperatures given in the Guide. Recalculation 

and experimental verification of typical sol-air temperatures appropriate for 

local use would be worthwhile. 
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13. Optimum Amounts of Wall and Roof Insulation. 

Increasing the shell insulation of a building increases the cost of 

the structure and decreases the total cost ot air-conditioning. There is an 

optimum amount of insulation at which the sum of these two costs is a minimum. 

This optimum amount of insulation is a function of' the cost of insulation, the 

costs of air-conditioning, and the climate. A good study of these interrelations, 

with the data organized for convenient use, would undoubtedly be of assistance 

to southwestern architects and builders. 

14. The Thermal Properties of' Heavy Walls. 

The daily pattern of heat flow through a heavy masonry wall is 

remarkably smoother and more uniform than the pattern of flow through a light

weight wall of the same insulating value. As a result, the rate of heat flow 

into or out of a masonry building is much more uniform throughout the day and 

night than is the case with a lightweight building. This in turn means that 

masonry buildings tend to maintain a more even interior temperature and to 

require a lower peak capacity of installed cooling than do structures with 

lightweight walls. 

These thermal properties of heavyvalls are of particular interest and 

importance in connection with construction intended for desert climates, as 

such walls strongly resist and smooth out the effects of the very wide daily 

swings of outdoor temperature which are characteristic of such climates. 

Because of their importance in this climate, the thermal properties of 

heavy walls, their optimum type of construction, and their overall economic 

advantages and disadvantages are all subjects worth serious investigation. 

15. Studies of the Architectures of Groups Familiar with Desert Climates. 

A criticism frequently directed toward contemporary southwestern 

architecture is that today's buildings, when compared with older Spanish 

construction, seem to require excessive amounts of artificial beating and 
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artificial cooling. The criticism is valid. The architecture of today in the 

southwest is predominantly that of a. culture unfamiliar with the desert climate, 

and the resulting construction is consequently not very well fitted to the 

climate in which it is placed. Many older buildings, however, have behind them 

the heritage of centuries of experience with this climate. A thorough study of 

Spanish architectural methods, and of the architectural methods of other peoples 

long accustomed to desert climates, should be of great assistance in developing 

a contemporary architecture which is well suited to the local climate. 

As mentioned previously, we will be most pleased to discuss the 

possibility of setting up some of these or similar graduate student projects. 

It is suggested that interested individuals get in touch with Mr. Bliss at the 

Solar Energy Laboratory (EA 7-4762) or with Dr. Kassander at the Institute of 

Atmospheric Physics {University Extension 664). 

CONCLUSION 

The Solar Energy Laboratory, in its primary field of research, has 

potentially greater national significance than is often realized. 

The primary field of research of the Laboratory is that of basic 

study of methods for utilizing sunshine in the form of heat energy captured at 

moderate temperature levels. In this primary field of research, the Solar 

Laboratory is the largest and best equipped installation for this specific 

purpose in the United States today. 

And the primary field of research of the Solar Laboratory is one of 

potentially enormous practical significance. This is because one outcome of the 

type of research done at the Laboratory may be the development of economically 

practicable methods for space heating with sunshine. Space heating (which is 

the air-conditioning engineer's term for building heating) consumes more fuel 

in the United States than any other single category of fuel use. A dramatic 

illustration of the very large amount of energy used for space heating was 

recently given by Rusler (15), who points out that if all space heating in the 
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United States were to be done by electricity (resistance heating) the 

installed power generating facilities of the nation would have to be increased 

some 23 times. 

There is another feature of the Solar Energy Laboratory which is often 

not realized: this research facility, although quite small compared to research 

establishments in other fields, is probably somewhere near the best possible 

size for best handling of its particular research problems. It is true that, 

compared with research establishments in fields other than solar energy, this 

Laboratory is picayune: the total cost of the entire facility was less than 

$50,000, and its present operating budget is about $20,000 yearly. 

Nevertheless, the problems of utilization of sunshine for heating 

purposes, despite their very great potential practical importance, do not require 

large sums of money for their best solution, In fact, their solution would 

probably be slowed rather than hastened by the allocation of such enormous sums 

as are commonplace in military research'• 

The nature of solar heating research is such that it presents a 

variety of problems in a variety of academic fields. None of these problems 

seem to require any really e:xpensive "machinery" for their best solution, with 

the possible exception of a few statistical and mathematical problems for which 

good machine computing facilities are occasionally required. All of these 

problems seem to require of those working on them a good combination of 

youthful alertness, enthusiasm for the problem, and a thorough understanding 

of the basic principles involved. Some of them require a regular sm ... rce of 

sunshine for experimental testing purposes. 

The nature of solar heating research being what it is, such research 

is best handled, we believe, by a small well-instrumented laboratory, which 

should be located in a sunny area and should be part of a university. 
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This university should have good departments of Meteorology, Physics, 

Mechanical Engineering, and Architecture. The laboratory should have a small 

permanent staff, but should be closely integrated with. the university; much 

of the work of the laboratory should be carried on by students as a part of the 

university educational program. 

Hence, as we see it, the Solar Energy Laboratory, for its particular 

type of research, is probably not too far from ideal in matters of.location, 

organizational setup, and size. 

This new Laboratory, now rapidly nearing completion, is a product of 

the vision of those in the University Administration who initiated and furthered 

the program, of the generous contributions of many commercial firms whose 

products went into the construction of the Laboratory, and of the enthusiastic 

and long-continued cooperation of the architects, the building contractors, and 

the many individuals connected with the Institute of Atmospheric Physics, the 

Physical Plant Department, and the Purchasing Department who have worked so long 

and so well towards its completion. We feel that they have built well, and we 

hope that, as the research program of the Laboratory proceeds, it too will be 

of the same fine standards. 
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Appendix I 

NOTES ON RECONCILIATION OF CALCULATED AND APPARENT AC'lUAL PERFORMANCE 
OF THE ROOF HEAT EXCHANGER 

A list of all principal symbols used in this appendix is given 

on the last page of the appendix, and is so arranged that it may be 

unfolded for use. 

The useful heat collection (or beat rejection) rate of a 

nearly horizontal solar heat collector of the type used in the heating

cooling system of the Solar Laboratory is given quite closely by the 

following equation (17) (18) (19): 

(1) 

in which 

F- = F' ~ (1 -R F'UL 

F' =------1 ___ _ 

1 + wUL 

F(l - ~) + ~ 'lrdhc 
w w 

a = (w - d) V ~ 

There are 14 independent variables in the right-hand side of 

Equation 1, all of which must be evaluated before the equation can be solved. 

Five of these variables are design constants determined by the collector 

construction and type of circulating fluid, and can be evaluated readily if 



the collector construction is know. These design constants, and their 

values for the roof heat exchanger, are: 

d = 0.026o ft. 
w = o.417 ft. 
M = 0.00208 ft. 
k = 220 Btu/hr-ft-F. 
C = 1.00 Btu/pound-F. 

Three more variables are essentially design constants, although 

they also depend to some extent upon operating conditions, They cannot 

be as readily evaluated as the first five. These three are: 

~, the solar absorptivity of the collector surface. This is 
chiefly a function of the surface coating, also is 
influenced by the incident angle of direct sunshine and by 
the relative proportions of direct and diffuse sunshine. 
For the roof heat exchanger, when fairly dust-free, operating 
on a clear day, anq with a solar altitude relative to the 
roof of 30 degrees or more, the solar absorptivity is 
believed to be in the range of 0.85 to 0.95. 

€, the emissivity and absorptivity of the surface with respect 
to long-wave radiation (these are assumed equal). This 
variable is a function of the collector surface, is believed 
to lie in the range of 0.80 to 0.90 for the roof heat 
exchanger. 

he, the film coefficient between tube and fluid. This 
coefficient is a part of the efficiency factor FR• Fairly 
large changes in he are required to substantially affect 
FR. Consequently, an estimate of he based on the known 
flow rate and tube sizing is usually adequate. For the 
roof heat exchanger, he is believed to be about 
300 Btu/sq ft-hr-F, 

There remain six independent variables which lll&Y be classed 

as operating variables: 

the intensity of incident sunshine upon the collector. 
This ranges from Oto about 300 Btu/sq ft-hr, in most cases 
can be satisfactorily measured with a global pyrheliometer 
set at the same tilt as the collector. This is the scheme 
used with the roof heat exchanger. 

the entering water temperature. Measured with q. thermocouple 
placed in the line leading to the roof heat exchanger. 
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am.bient air temperature. Measured with an aspirated 
thermocouple set approximately at the level of the roof heat 
exchanger. 

mass flow rate per sq ft of collector. For the roof heat 
exchanger this is determined by dividing the total flow 
rate { as measured by the flowmeter) by the total collector area. 
G is about 9.5 pounds/sq ft-hr for the roof exchanger. 

net long-wave radiation loss to the sky from a thermally black 
horizontal plate at air temperature. In principle this can 
be determined with a radiometer. In practice the accuracy of 
presently available radiometers seems to be on the order of 
10 to 2<::!/o, which we consider not entirely satisfactory. R 
varies from Oto about 50 Btu/sq ft-hr, is a function chiefly 
of the air temperature and absolute humidity, and the amount 
of cloud cover. 

the average air-film coefficient over the surface of the 
collector. This is a function chiefly of the wind velocity, 
also of the temperature difference between collector and air, 
and of the size of the collector. This coefficient for the 
roof heat exchanger probably will range from about O. 25 
Btu/sq ft-hr-F for some still air conditions to about 
4.00 Btu/sq ft-hr-F for a 20 mph wind. 

The overall efficiency factor FR is a function of the collector 

design constants, the flow rate G, and the coefficients UL and he• As has 

already been mentioned, it is a weak.-f'unction of' he• It is also a weak 

function of UL, hence, if the design constants and Gare knawn, and 

reasonable estimates can be made of he and Ur,, the factor FR can be 

calculated to highly satisfactory accuracy. For the roof heat exchanger, 

FR ranges from about 0.90 for still air conditions to about o.80 for a 

20 mph wind. 

The "simplified radiation coefficient" hr is a function of "tw-o 

The functional relation is 

All of the 14 independent variables entering into Equation l are 

seen to be amenable to measurement or estimation to varying degrees of 

accuracy. It becomes a matter of judgnent to decide which of tQ.e variables 
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are not known to sufficient accuracy for satisfactory use in the equation. 

In our judgment, and insofar as assessing the performance of the roof heat 

exchanger is concerned, ve consider the following variables to be the 

"unknowns" for which we must obtain better estimates than we have at 

present: 
q, E, ha, and R 

The straightforward procedure in handling these "unknowns" would 

be to independently measure them in some fashion. However, direct 

independent measurement is not too practicable, at least with the 

equipment presently available to the Laboratory. Hence we plan to evaluate 

these "unknowns II by operating the roof heat exchanger under varying 

conditions and "eliminating variables, 11 so to speak, amongst the various 

versions of Equation 1 obtained from the varying operating conditions. 

This approach is facilitated by judicious choice of operating conditions. 

In this connection several "special cases" of Equation 1 which pertain to 

certain operating conditions should be noted: 

DAYTIME OPERATION WITH ENTERING WATER TEMPERATURE EQUAL TO AIR TEMPERATURE: 

4u = FRtt_ 41 - ER) 

NIGHT OPERATION, GENERAL CASE: 

4u = FR[-€R .. (Ehr+ ha)(ty_0 - ta}] 

(2} 

{3) 

NIGHT OPERATION, ENTERING WATER TEMPERATURE :§S:UAL TO AIR TEMPERATURE: 

(4) 

PEAK ATTAiliABLE DAYTIME TEMPERATURE OF COLLECIDR i.e. NO USEFUL HEAT 
COLLECTION: 

(5) 

MINIMUM ATTAINABLE NIGHT TEMPERATURE OF COLLEC'IDR i.e. NO USEFUL HEAT 
JECTION: 

(6) 

It will be noted from the above set of equations that the problem 

of accurately determining d, E, and ha would be considerably si~lified if R 
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could be measured to good accuracy. In such a case the three remaining 

"unknowns11 could be evaluated promptly by suitable elimination between 

Equations 2, 3, and 4. 

When the value of the four "unknowns" has been determined to 

reasonable accuracy, comparison of calculated and apparent actual 

performance figures for the roof heat e.,~changer becomes a matter of 

comparing, for a given set of operating conditions, the use:f'ul heat 

collection rate as calculated by Equation l with the apparent actual 

useful heat collection rate. The apparent actual use:f'ul heat collection 

(or rejection) rate is the product, in appropriate units, of the flow

meter readings and the leaving-entering water temperature differences. 

In general, the calculated and actual performance of the 

roof heat exchanger will have been reconciled 'When both the following 

conditions can be met to a satisfactory degree: 

1. All independent variables occurring in Equation 1 

can be detel'mined or measured. 

2. Over a wide range of operating conditions, the 

useful heat collection (or rejection) rate as 

calculated by Equation l is found equal to the 

apparent actual value. 
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C 

d 

F 

F' 

G 

M 

R 

Symbols 

Specific heat of circulating fluid, Btu/pound-F. 

Tube diameter, ft. 

Fin efficiency factor, dimensionless. 

Collector efficiency factor, dimensionless. 

-36-

F' = Actual useful heat collection rate 
useful heat collection rate attainable with 

entire collector surface at average fluid temp 

Collector efficiency factor, dimensionless. 

P. _ Actual useful heat collection rate 
R - useful heat collection rate attainable with 

entire collector surface at entering water temperature 
Fluid flow rate, pounds/hr-sq ft of collector. 

Average air-film coefficient over surface of collector, 
Btu/sq ft-hr-F. 

Tube to fluid film coefficient, Btu/sq ft-hr-F. 

Simplified radiation heat ti"ansfer coefficient, Btu/sq ft-hr.;,i'. 

Thermal conductivity of collector fin, Btu/tt-hr-F. 

Fin thickness, ft. 

Intensity of sunshine incident upon collector, Btu/sq ft-hr. 

Useful heat collection (or rejection) rate, Btu/sq ft-hr. 
(positive values are collection rates, negative values are 
rejection rates) 

Net long-wave radiation exchange from the upper surface of a 
thermally black horizontal plate at air temperature to the sky, 
Btu/sq ft-hr. · 

ta (Ta) Ambient air temperature, F. (R.) 

tw-o (Tw_0 ) Temperature of fluid entering collector, F. (R.) 

w 

d. 

e 

(j 

Loss rate coefficient, Btu/sq ft-hr-F. 

Tube spacing, ft. 

Absorptivity of collector surface for sunshine, dimensionless. 

Absorptivity or emissivity of collector surface for long-wave 
radiation, dimensionless. 

Stefan-Boltzmann constant, Btu/sq ft-hr-R4• 

' 
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Appendix II 

Initial Schedule of Records and Tabulations 

It is planned to operate practically all of the installed . 

instrumentation at the Laboratory on a 24-hour-a-day, 7 days-a-week basis. 

From the records so produced, the initial schedule calls for some 

tabulations to be made on an hourly basis, others to be made on a daily 

basis, and still others to be prepared each month. All daily tabulations 

will be made for every calendar day, but not all hourly tabulations will be 

made for every hour. 

Listed below are all hourly, daily, and monthly tabulations initially 

scheduled for the work at the Laboratory. The list will of course be subject 

to constant change as the program progresses. In the list given below, in 

each case the title of the tabulation is given, followed by numbered lines 

which are the column headings of that particular tabulation. In the case of 

hourly tabulations, reference is made to Va.J:'.ious notes. These notes are 

placed at the end of the list of hourly tabulations. 

HOURLY BASIC WEATHF.R DATA 

Notes 

a, i l. Outdoor dry-bulb 

b 2. Outdoor wet-bulb 

b 3. Wet-bulb depression 

b 4. Dew point 

b 5. Mean wind velocity 

b 6. Prevailing wind direction 

b 7. Cloudiness 

F 

F 

deg F 

F 

mph 

tenths 



HOURLY ROOF HEAT EXCHANGER PERFORMANCE 

C 1. Entering water temperature 

C 2. Temperature difference leaving water-

.( entering water 

C 3. Flow rate 

c, d 4. Heat added to water 

HOURLY STORAGE TANK DATA 

a l. Average upper tank temperature 

a 2. Average lower tank temperature 

a, k 3. Mean tank temperature 

a, d 4. Heat gain through tank walls 

HOURLY CEILING PANEL HEAT EXCHANGER PERFORMANCE 

C 1. Entering water temperature 

C 2. Temperature d.if'ference leaving water-
entering water 

C 3. Flow rate 

c, d 4. Heat flow to water 

HOURLY DATA FOR ROOF HEAT EXCHANGER TESTS (SEE NOTE e) 

e 1. Entering water temperature 

e 2. Temperature difference entering water-
outdoor dry-bulb 

e, f 3. Calculated convection loss from a roof surface 
at entering water temperature 

e, g 4. Calculated radiation loss rate from a roof 
surface at entering water temperature 

e 5. Total loss rate of a roof surface at entering 
water temperature 

e 6. Solar radiation incident on roof 

e 7., Solar radiation absorbed on roof 

e 8. Calculated useful heat collection of an "ideal" 
heat exchanger 

e, h 9. Overall efficiency factor FR 

F 

deg F 

pounds/hr 

Btu/hr 

F 

F 

F 

Btu/hr 

F 

F 

pounds/hr 

Btu/hr 

F 

deg F 

Btu/sq ft-hr 

Btu/ sq ft-hr 

Btu/sq ft-hr 

Btu/sq ft-hr 

Btu/sq ft-hr 

Btu/ sq ft-hr 

dimensionless 



e. 

e 

10. Calculated useful heat collection of roof 
heat exchanger 

11, · Apparent actual useful heat collection from 
hourly performance record 

HOURLY AOOSPIIERIC RADIATION DATA {SEE NOTE j) 

j 

j 

j 

j 

j 

l. Radiometer plate temperature 

2, Net radiation rate, sky-to-radiometer plate 

3. Radiation from radiometer plate 

4. Total incoming radiation 

5. Total solar radiation upon a horizontal surface 
(from pyrheliometer) 

6, Atmospheric radiation 

a. Tabulate 24 hours daily, 7 days a week. 
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Btu/sq ft-hr 

Btu/sq ft-hr 

F 

Btu/sq ft-hr 

Btu/ sq ft-hr 

Btu/sq ft-hr 

Btu/sq ft-hr 

Btu/sq ft-hr 

b, Tabulate only during periods of roof heat exchanger test and during 
periods wen radiometer tabulations a.re to be made. 

c. Tabulate for all periods of operation of this heat exchanger. 

d. Total this column to obtain daily value. 

e. Roof heat exchanger tests will be made only after reasonably close 
daily heat balances on heating-cooling system are regularly attained, 
and initially will be made only under clear sky conditions. 

f. From graph, "Calculated average convection loss from roof surface." 

g. From composite graphs, "Calculated radiation l.oss rate of roof 
surface at air temperature," and "Added radiation loss of roof surface 
at temperatures above air temperature." 

h, From graph, "FR for Solar Lab Roof Heat Exchanger." 

i. Total and obtain daily mean. 

j. Tabulate initially only under clear sky conditions. 

k. Use daily change in this value to obtain daily change in tank heat 
storage. 

DAILY BASIC WEATHER DATA 

1. 

2. 

Maximum tem]>erature 

Minimum temperature 

F 

F 



1: 

\. 

3. 

4. 

5. 

6. 

7. 

8. 

Mean of max-min temperatures 

Mean of 24 hourly readings 

Duration of sunshine 

Maximum possible sunshine 

Percent of possible sunshine 

Precipitation 

DAILY KWH RECORD 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

10. 

11. 

12. 

13. 

Main meter - reading 

Main meter - daily use 

Compressor submeter - reading 

Compressor submeter - daily use 

Compressor energy added to heating-cooling system 

(3.41 x Col 4) 

Roof pump submeter - reading 

Roof pump submeter - daily use 

Approx. roof pump energy added to heating-cooling 

system (1.7 x Col. 7) 

Ceiling pump submeter - read.in~ 

Ceiling pump submeter - daily use 

Approx. ceiling pump heat.added to heating-cooling 

system (1.7 x Col. 10) 

Energy consumption inside building 
(Col. 2 - [Cols. 4 + 7 + 10]) 

Building heat gain from electrica.J,. energy 
(3.41 x Col. 12) 

DAILY HEAT BALANCE - HEATING-COOLING SYSTEM 

1. 

2. 

3. 

4. 

Heat gain from roof 

Heat gain from ceiling panels 

Heat gain through tank walls 

Compressor energy added to heating-cooling system 

Approx. roof pump energy added to heating-cooling 

system 

F 

F 

minutes 

minutes 

% 

inches 

KWH 

KWH 

KWH 

KWH 
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thousand Btu 

KWH 

KWH 

thousand Btu 

KWH 

KWH 

thousand Btu 

KWH 

thousand Btu 

thousand Btu 

thousand Btu 

thousand Btu 

thousand Btu 

thousand Btu 



( 

/( 

\. 

6. 

7. 

8. 

Approx. ceiling pump energy added to heating-cooling 
system 

Total heat gain to system 

Change in tank heat storage 

DAILY HEAT BALANCE - BUILDING 

l. 

2. 

4. 

5. 

6. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Average outdoor dry-bulb 

Average weighted sol-air correction 

Average sol-air temperature (Col. l + Col. 2) 

Average indoor air temperature 

Temperature difference, average sol-air - average 
indoor 

Average outdoor temperature during period of fan 
operation 

Average temperature difference ventilation air -
indoor air 

Fan operating time 

Occupancy 

Heat gain from ventilating air 

Heat gain from persons 

Heat gain through walls and roof 

Heat gain through windows 

Heat gain from electrical energy 

Total calculated heat gain ta building interior 

Total heat added to ceiling panel water 

MONTHLY l?ERFDBMANCE SUMMARY 

l. Main meter - reading 

2. Main meter - energy used 

3. Instrumentation and controls submeter - reading 

4. Instrumentation and controls submeter • energy used 

5. Estimated controls energy used 

6. Estimated instrumentation energy used 
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thousand Btu 

thousand Btu 

thousand Btu 

F 

deg F 

F 

F 

deg F 

F 

deg F 

hours 

person-hours 

thousand Btu 

thousand Btu 

thousand Btu 

thousand Btu 

thousand Btu 

thousand Btu 

thousand Btu 

KWH 

KWH 

KWH 

KWH 

KWH 

KWH 



{ 

1. 

\. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

16. 

17. 

18. 

20. 

Roof pump submeter - reading 

Roof pump submeter - energy used 

Ceiling pump submeter - reading 

Ceiling pump submeter - energy used 

Compressor submeter - reading 

Compressor submeter - energy used 

Ventilating fan submeter - reading 

Ventilating fan submeter - energy used 

Total energy consumption of heating-cooling system 
(Cols. 5 + 8 + 10 + 12 + 14) 

Total energy consumption of heating-cooling system 

Total building heating by ceiling panels 

Total building cooling by ceiling panels 

Total energy moved through ceiling panels 

Apparent overall coefficient of performance of 
heating-cooling system (ratio Col. 19/Col. 16) 

KWH 

KWH 

KWH 

KWH 

KWH 

KWH 

KWH 

KWH 

therms 

therms 

therms 

therms 

therms/therm 

MONi'HLY PYRHELIOMETRIC DATA FOR U.S. WEATHER BUREAU 

These are tabulations of daily measurements summarized and reported 

once monthly to the Weather Bureau. The daily measurements reported are: 

a) Hourly average total solar radiation upon a 

horizontal surface. 

b) Normal-incidence direct-beam solar intensities. 

These are reported only when there are no clouds near 

the sun at the time of measurements. Measurements are 

reported for solar noon and for times when the sun is 

passing through air masses 2, 3, 4, and 5. 

MONTHLY "COOPERATING BUILDINGS" RECORD 

For each "cooperating building" the following data. will be 

tabula.ted: 



1. Total KWH consumed. 

2. Total gas consumed, therms, 

3. Total monthly gas a.nd electric bill. 

4. Notes as supplied by cooperator. 

The above tabulation will be sui ta.bly extended if electrical 

consumption of air-conditioning system is submetered. 

MONTHLY NEWS SHEET 
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This is planned as a one or two page general sunnnary of the 

preceding month's happenings. Included 'Will be notes on status of research 

program, performance of beating-cooling system, electrical energy consumption, 

apparent coefficient of performance, breakdo'Wn.s or other troubles, number of 

visitors, a.nd similar items of general interest. 
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