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INTRODULTION

The Workshop on Solar Cooling for Buildings was held at the Los Angeles Hilton Hotel in Los
Angeles, California February 6-8, 1974. It was hald in conjunction with the Semi-Annual Meeting

of the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE), which

had occuppied most of the earlier part of the week.

In the past year or o0, a consensus has developed among U.S. solar researchers that the
solar-powered cooling of buildings is an important topic. Solar energy collection systems tend
to be expensive; and a solar heating system for buildings can become a much more attractive pro-
position if a solar cooling system can keep the collector working during a larger fraction of the
year (Current thinking in this economic area is discussed in more detail in the paper on cooling
of L6f in these prcceedings.)

Most solar heating systems are technically simpler, and more highly developed, than solar
cooling devices. A solar cooling system needs some sort of heat engine coupled to a heat pump,
or some other combination of Second Law devices, to produce a temperature depression. Many such
heat engines, hLeat pumps or other devices have been proposed or developed over the past two or .
three centuries, but the determination of thebest design concept for any particular application
is by no means a simple process. Significant problems remain in the understanding of mechanisms,
in the design and operation of cost-effective hardware, and in the understandiny of the economic
performance which is possible. Because of these remaining research and development problems, many
different concepts were explored at the Workshop.

In addition to the purely technical problems, there are problems of reconciling novel equipment
with cur.aont buildings and with building practices, with other present day hardware, with engineer-
ing, architectural and building trade practices, with codes and other legal requirements, with
financial (lending) practices and taxation systems, with consumer esthetic a d practical needs, and
with a myriad of other such "non-engineering” interfaces. A specific session on "implement.tion"
was devoted to discussion of obstacles facing solar cooling, with the participation of specialists
in many of the non-engineering areas.

To make the meeting as realistic and productive as possible, it was planned in conjunction with
the ASHRAE Semi-Annual Meeting. This seemed likely to ensure the presence, contributions, and
criticism of those who would ultimately have to use the equipment being studied. ASHRAE management
supplied much enthusiasm and cooperation to make this idea successful.

The formal participants in the Workshop were chosen based on NSF requests, and on recommenda-
tions made by many people before the time of the meeting. The session zchedules were arranged so
that there was a significant amount of tiie which could be devoted to discussion of the presentations
or to other comments, and these discussion sessions are documented in full at the end of each session.

Often a significant amount of time is spent answering a number of questions which could easily
have been framed into a single one. Many questions are based on simple cormunication gaps or on
lack of understanding. To limit as much as possible, the time spent in overcoming such problems,
the audience was asked to use written question forms for the most important questions. These forms
were then supplied to a "Commentator," who was given a chance to organize them during a coffee
break between the presentations and the questions and answer session. The commentators were chosen
among peJsple who were deemed likely to be able to contribute significantly to the discussion, and
were also supplied with such prior handout material as the formal speakers could make available.
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No writte: naterial was required prior to the meeting, although some speakers did supply written
versions of tte1r presentations at a later date. The presentations, and the question and answer
sessions were: taped at the time of the meeting. Typed transcripts were subjected to preliminary
editing and then retyped. The speaker then did such editing as necessary, and the masters were
produced for the proceedings.

A central bipliography was assembled for the proceedings. In addition to the references quoted
by the participants, it was attempted to include enough other references to make it useful to
those entering the field.

The proceedings were prepared and published at the Jet Propulsion Laboratory under Grant No.
AG-502 from the National Science Foundation. The contents of the papers and the opinions expressed
in the discussions are those of the participants and do not necessarily reflect the views of the
Jet Propulsion Laboratory or of the National Science Foundation.
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Jpening Sessfon  Overview Presentatiuns - Yellott
SOLAR CHERGY TECHNOLOGY CHAPTER IN ASHRAE HAND3OOK

John 1. Yellott
ASHRAE And Arizona State University

The chapter itself originated as a manuscript of some 80 pages, destined for publication
in the 1974 ASHRAE Handbook of Applications. The ASHRAE Handbooks constitute the bibles on which
the air conditioning profession depends for its technical knowledge. One of the most useful
portions of the 1972 edition is Chapter 22 which deals with solar heat gains through fenestration.
That chapter was the responsibility of Technical Committee TC 4.5, Fenestration. I have had
ti » privilege of serving on that Committee since 1963 and it was my first introduction to writing
for the ASHRAE Handbook. ASHRAE produces one . these each year, and the 1974 Handcoeck of Appli-
cations will contain the complete chapter dealing with the use of solar energy for heating and
cooling. The second half of the chapter has already appeared in the December, 1973, issue of
the ASHRAE Journal. The first half of the chapter contains more of the technical details which
will be of veal importance to those of you who have to design solar systems.

Fortunately, ¢ tremendous amcunt of technology is already available, much of which appears
in ASHRAE publications. Going back 15 or 20 years, you will find some very fine publicatiors,
notably those of Jordan and Liu from iiinnesota, Farber and Pennington from the University of
Florida, and Daniels and Duffie from Hisconsin. The exact title of the chkapter under discussion
is "Utilization of Sun and Sky Radiation for Heating and Cooiing of Buildings.” I was selected
to write this chapter because I was chaivman of TC 6.7, Solar Energy Utilization.

The use of the sun for the heating of buildings is not a new concept, but *%2 use of the
sun for cooling i in large measure new technology and that is why you ha e gathered here. In
the part of the chapter which will not be in print until late in June, there is first a brief
summary of prior art. There were many early contributors to solar energy technology starting
with the Tate Charles Abbot and including the team at the University of Wicconsin started by
Daniels and ably carried or by Jack Duffie (Daniels and Duffie, 1955), the pioneering work of
Hottel and Whillier (1955) at MIT, George LOf (1963), Maria Telkes (1949), and Mr. and Mrs.
Raymond Bliss (1955). The Bliss home in Amado was one of the first buildings in the world to
be cooled by nocturnal radiation and heated by salar energy. Unfortunately, it stood in the way
of progress and was torn down as was the solar laboratory (Bliss, 1961) which they later designed
and built for the University of Arizona in Tucson. This stood on land later needed for the Univer-
sity's Medical School and so it too was demolished.

The Bridgers and Paxton (1957) office building in Albuquerque was the first in the U.S. to
conbine solar collectors and the heat pump. With the assistance of NSF, the so‘ar collectors
are about to be brought back to life again and reinstrumented. Harry Thomason's (1960) three
solar-heated homes in Hashington, D.C. must not be overlooked, and Erich Farber is here to talk
to you about the University of Florida‘'s work (Farber and Morrison, 1973). We alno have here
a member of the team from the University of Delaware, Kudret Selguk, who was on ihe Solar One
project from its inception.
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The first thing that I tried to do when I began putting the chapter together was to get a
table of probable values of clear day solar radiation for various latitudes and various dates
in the year, comparable to the Solar Heat Gain Factor tables which appear in the 1972 ASHRAE
Handbook. 1 asked Professors Morrison and Farber at the University of Florida te change their
Fortran program to make it print out values of actual solar intensities rather than Solar Heat
Gain Factors and they have compiled a series of tables using the most reliable data now available.

Back in the 1940's floon's (1940) value of 419 B*.u/hr/ft2 was the officially accepted value
of the solar constant and nobody has yet improved very much upon lloon's values of the solar
spectral distribution on the surface of the earth. Abbot's value of 429 Btu/hr/ft2 (Abbot et al,
1923) was his final estimate of the solar constant after 50 years of work for the Smithsonian.
When NASA-JPL and Thekaekara (1973) and their co-workers finished their high altitude tests they
concluded that 429.2 Btu/hr/ft2 was the most probably value of the solar constant. 1 know that
Abbot prized very highly the fact that their values measured at the very edge of the earth's
atmosphere agreed almost exactly with his.

Thekaekara has also verified Abbot's findings that there are very small but measurable var-
jations in the solar constant itself, varying with the sun spot cycle. The Johnson value of
the solar constant, 445 Btu/hr/ftz, is definitely too high, and the NASA-JPL fiqures which are
given in great detail by Thekaekara (1973) in a number of publications, are the ones which ASHRAE
will be using for the foreseeable future.

Ye must know the solar altitude and azimuth angles so we can tell at what angle the sun's
rays will hit collectors. The solar declination must also be known and for that thare is a
readily available source of information: the "01d Farmers' Almanac® (Thomas, 1974). Soiar alti-
tude formerly had to be calculated, but now you can read it out of the University of Florida’s
tables and from the 1972 ASHRAE Handbook (pp. 388-92). Solar time is a tricky business now,
because everywhere else in the United States other than Arizona and Hawaii, you must consider
daylight saving time all year-round and that can throw you off by an hour. The actual distribution
of the solar spectrum, as shown in Figure 1, is something with which people in the space program
are vitally concerned. We who are literally more mundane in our interests need to know primarily
what is the actual intensity here on the surface of the earth. The major significance of the
terrestrial solar spectrum is to show you where the absorption bands are and what actually reduces
the intensity of the solar radiation.

In the chapter, there will be a tabulation for 40 degrees north latitude of the sun's altitude
and azimuth and direct normal irradiation intensity on typical clear days on the 21st day of each
month. The total insolation is also given for horizontal surfaces and for surfaces which are
tilted at the latitude -10°, the latitude, latitude +10° and latitude +20°, and 90°. Similar
data are readily available for latitudes from 24° to 64°, by 8° increments. If you insist upon
calculating them, the Fortran program is relatively simple but now with these Univ. of Florida
tables available, I think that people will be just as happy to interpolate because the differences
are relatively small.

Figure 2 shows you what the insolation picture looks 1ike on the 21st day of July at 40
degrees north latitude for a south-facing surface which is tilted at 40° from the horizontal.
There are *wo primary things to notice. One is that you reach a maximum insolation of something
like 300 Btu/hr/ft2 at the middle of the day on a surface which is facing due south. The other
importani consideration is the variation of the angle of incidence, which starts off extremely
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high in the morning, and that is on2 reason why solar collector efficiencies are low in the early
morning. The incident angle gets down to its minimum at noon and increases again in the afternoon.
The data for making cimilar charts are now available if you are interested in some other
latitude than 40 degrees north. 40 degrees is approximately the latitude of Philadelphia, Pitts-
burgh, Denver and other interesting places but not Phoenix or Los Angeles. Host days of the'year
are clear in Phoenix but that is not the case everywhere and so there are corrections called
Clearness Numbers which are built into the ASHRAE procedure. In the 1972 handbook and again in
the chapter is the map shown in Figure 3 which shows by dashed lines the Clearness Numbers which
apply to various parts of the United States.
If you live close to the Gulf states and Florida you will have a somewhat lover intensity
on a clear day than if you live in Denver or Albuquerque or some other location where you are
a mile high. The clear day data are there primarily for design purposes; the real difficulty
cories in trying to {ind out through the Weather Bureau, which I should now call NOAA, exactly
what you're likely to have in the way of clearness for a prolonged period of time so you can
make a realistic estimate of the total amount of energy that you are likely to be able to collect.
let's turn for now to the technology of solar energy utilization, which is discussed in the
December, 1973, issue of the ASHRAE Journal. I did not deal with the helio-electric or helio-
chemical processes because they were not part of my assignment. The December article, which
is actually the second half of the chapter, deals with domestic hot water heating, space heating
and cooling. I will say very little about cooling today because this subject is being adequately
covered by other speakers. There are at least three ways in which cooling can be accomplished.
Nocturnal radiation and evaporative cooling have had their usefullness proven over a period of
18 months at an experimental Skytherm building in Phoenix. Absorption refrigeration is going to
be the subject of a great deal of discussion here, and this is even older than Abel Pifre's print-
ing press in Paris in the 1870's.

Figure 4 shows some of the heater types with which most of you are familiar. The thermo-
syphon is the one which is most widely used, and there used.to be hundreds of them in Southern
California and Arizona until natural gas and electricity became available. Then people scrapped
their solar heaters and bought the much less expensive fuel-burning units. Now builders in my
part of the country are saying, "What ever happened to those solar heaters you were telling us
about 15 years ago? We find we can't buy natural gas for our new houses." The answer is that
the thermosyphon heater, the forced circulation heater and Harold Hay's simple skytherm system
of an open roof with moveable insulation are going to come into their own, because the economics
are going to be extremely favorable in the future.

Tne gravity system of Harry Thomasoa is indicated in the upper right hand corner of Fig.
4, Concentrators of various kinds have been studied by many people. The problem with the con-
centrator is that it can only use the direct rass of the sun, and you have to provide some means
to make it follow the sun. You can heat air as well as liquids and the diagram in the lower
right hand corner shows a very simpl2 kind of air heater using the cheapest kind of corrugated
barn roof aluminum which works remarkably well in our part of the country. I saw similar systems
working in the houses near the French solar furnace in the Pyrenees and it appears to me that
this has valuable possibilities for very low-cost applications.

He must bear in mind the behavior of collectors, because they have rules of their own, and
there is not very much that we can do about them. First of all, we have tp put a glazing over
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our collector if we want to get satisfactory efficiency out of it, and the transmittance of the
glazing is going to vary with the incident angle. As the angle of incidence of the sun's rays
on the glass begins to rise, the ability of the glass to transmit solar radiation drops down and
finally when you get up 90 degrees no sunshine enters at all. An absorbing surface does much
the same thing. It absorbs very well at low angles of incidence, but at high angles its absorp-
tance drops off also. When you multiply the transmittance by the absorptance, the effect is
compounded and the higher the incident angle rises, the lower is your collection efficiency.
Also, as the temperature rise of the collector surface above the ambient air goes up, the effi-
ciency of the collector goes down.

Finally you reach an equilibrium temperature which is the temperature that the collector
attains when you don‘t take any heat away from it and simply allow it to lose whatever heat nature
will take away. Ordinary flat black heaters will reach temperatures well above 200 degrees if
they have a single cover glass over them. Selective surfaces with high absorptance and low
emittance will get much hotter than that, and there are some very special kinds of collectors
which are being developed now, which have some very interesting possibilities.

We know how to store heat, Fig. 5, in the form of hot or cold water by simply putting it
into insulated tanks and pumping it out when we need it. We know how to store heat or cold in
rock piles. The Australians are doing this very effectively and I hope that we are going to
bring some of their technology into the United States very soon. Maria Telkes and others are
working along diligently with eutectic salts. Maria Telkes is now encapsulating her materials
in long slim tubes similar in size to flourescent lamps so that they can overcome the fact that
when they freeze, the frozen portion sinks to the bottom. Most liquids have the unhappy habit
of having their solid constituents sink when -they freeze.

Figure 6 shows a typical system for heating and cooling and you will notice what appears
to be a heating system. I have shown a collector, a storage system, some way to distribute the
stored fluid, an auxiliary device of uncertain and undetermined nature and a little word which
says cooling. If the water is hot enough, you might use an absorption system; if not, I do not
know what you will use. That's where I am about to leave you, but I'm going to give you a clue.
If you really want to know about the early absorption systems, see whether in some antique book
shop you can get a copy of Modern Electric and Gas Refrigeration by Althouse and Turnquist (1944)
published by Goodhart and Wilcox in Chicago in 1944. This has beauti ful pictures of the Servel
Electrolux, the Faraday Refrigerator and all of the other absorption systems.

If you want to know how the earlier absorption systems actually worked, get a copy of this
book and take a look at it. [ end with this interesting little historical note. The discovery
of ammonia and absorption refrigeration took place simultaneously in 1824 by Michael Faraday,
who was trying to make 1iquid ammonia. MNobody had ever made 1iquid ammonia prior to 1824. There
was plenty of gaseous ammonia available and he found that silver chloride had the property of
absorbing large quantities of ammonia. So he made himself a double-ended test tube such as shown
in Figure 7 and he put a burner under the silver chloride which had become saturated with ammonia.
When he heated the silver chloride, the ammonia gas was driven off and condensed in the right hand
side of his apparatus. Then he turned off the burner and went away to do something else.

When he came back, much to his surprise, he found that the right side was covered with ice.
What had happened was that the ammonia which had been turned into Tiquid had }eevaporated and
absorbed all the heat it could possibly pull from the atmosphere. The NH3 had been reabsorbed
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back in the silver chloride and that was the first absorption refrigerating system. There was
a company called the Faraday Refrigerator Company and they were the ones who prepared Figure
7. 1 think they are now defunct, but if anybody can dig up one of these, it certainly ought
to be in the Smithsonian because it was the most ingeniously-designed device, I have now come
to all that I know about absorption refrigeration and this is the proper time, I think, for me
to draw my part of the program to a close.
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Opening Session Overview Presentations - Horowitz
OVERVIEW OF NSF ENERGY PROGRAMMS
Harold Horowitz

NSF

I will present a brief survey of all of the energy activities of the National Science
Foundation. At this time that is a very difficult thing to do because we're again at one of
our transitional stages and expect to grow in a very significant way in fiscal year FY 1975.

The following description of the energy programs of the Foundation, is in the context of what

is likely to happen rather than what has been doing in the past. On Monday of this week, a

news release was issued about the FY'75 budget statement which is part of the budget that the
President has submitted to the Congress. The 1975 budget for the National Science Foundation
requests major increases for the support of research directed towards acquiring knowledge needed
to help solve problems of national concern, with very special emphasis on energy.

First let me pause from the main part of this talk and answer questions that are often
asked by ASHRAE members who may not have previous exposure to the National Science Foundation.
NSF is a federal agency, one of the independent agencies, and receives its funds through the
familiar process of Congressional authorization and appropriation and finally through the Office
of Management and Budget. The broad agency goals of the National Science Foundation are to
increase scientific knowledge and to improve U.S. scientific and engineering strength in order
to assure that adequate fundamental understanding and capability are available for national pur-
poses. These goals were the dominant objectives at NSF for many y:rs. More recently added
are additional objectives which include discovering and proving th.. feasibility of new and inno-
vative applications of science and technology to selected problems of the civilian sector, and
to identify and develop methods to encourage the use of science and technology by all types of
organizations throughout our society.

The budget request for FY'75 totals $788,000,000. and that represents $142,000,000. above
the estimated program level for FY'74 which is $646,000,000. Out of this requested increase
of 141.8 million dollars, almost all is earmarked for energy research. That is, 1.379 hundred
million dollars of the increases are earmarked for energy research.

The National Science Foundation is organized into several major structural components or
directorates,--the Assistant Director for Research Applications often called RANN, Research
Applied to National Needs; the Assistant Director for Education; the Assistant Director for
National and International Programs;ithe Assistant Director for Research, the oldest part of
NSF; and the Assistant Director for Administration. HNearly all of the energy related funding
that we anticipate at the National Science Foundation in the next fiscal year will be concen-
trated in two of these Directorates. Research will have the largest amount of funds which are
energy related, and that comes to $131,000,000; and RANN has requested $103,000,000 for energy
related research. There is some additional money distributed through the other Directorates.
$252,000,000 out of a total for NSF of $788,000,000, is for energy related activities, so about
1/3 of NSF's total program will be energy related in the next fiscal year.

Now, let me tell you something about the specifics of these activities. Under the Assistant
Director for Research, are a number of divisions. A substantial number will have some energy
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related research. For example, the Division of Mathematical and Physical Sciences will do
research in physics that is related to energy conservation and storage. The Division of Social
Sciences will be concerned with analysis of energy related problems in the social sciences,
international economics research dealing with linkages between national economics, and methods
to include these linkages in international econometric models. Within the Division of Engineer-
ing, attention is going to be paid to innovations that can reduce or bypass high energy consuming
steps in chemical reiction systems. They will be supporting heat transfer research as well.
Another Research Division, the Division of Materials Research, will be supporting basic scudies
that can lead to improvements in superconductors, improvements in the materials that are used
for photovoltaic cells, and also, will be trying to find materials which can improve high
temperature performance of turbines and of coal conversion plants,

The principal emphasis of the Directorate for Applied Research (RANN) is in three major
problem areas--energy, the environment, and productivity. The Division of Advanced Energy
Research and Technology of RANN will have in its program for FY'75 a major research effort to
find ways to make practical applications of solar energy and geothermal energy. This includes
programs designed to develop other nonconventional energy sources such as wind energy and ocean
thermal gradients. Also, it will be trying to find more efficient ways to utilize conventional
energy resources such as coal, and shale deposits, and support system analysis to assess alter-
native energy systems and public policy options. It will also be working in energy conversion
and storage, energy and fuel transportation, and attempting to increase engine fuel economy
and cycle efficiency. Another division of RANN, the Division of Environmental Systems and
Resources will attempt to understand more about the environmental effects of energy utilization.

Two programs in the Education Directorate should also be mentioned. One is for improving
technician education in the energy field, and the other will support visiting scholars to the
United States in the energy field.
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Jpening Session Overview Presentations - ilerwig
OVERVIEW OF NSF SOLAR ENERGY PROGRAN
Lloyd Herwig
NSF

I would like to take the next period of time to tell you about the solar energy program
at the NSF, and for +he Federal government as a whole. I will begin by reminding you about
some of the characteristics of the solar energy Wesource. The amount of solar energy falling
on the United States in a year's time is about 700 times our present rate of energy consumption.
Put another way, the average daily solar energy arriving on about 5,000 square miles of United
States territory is about equal to our tot«! energy use.

Our daily total energy use, of course, requires conversion of many types of fuels for a
wide variety of needs. As we proceed, I w 11 point out that technically feasible solar energy
conversion methods can produce many forms of power and energy. For example, hign and low tem-
perature thermal energy; electricity; and, gaseous, 1iquid, and solid fuels.

It is significant to note that the solar energy falling in a year on a square foot of
average land or roof in the continental United States has a value of about S1 based on energy
unit value of $2 per million BTU. This is based upon the average United States insolati.n of
1480 BTU's per square foot per day (4000 kilocalories per square meter per day). As you know
however, the value of 1,000,000 BTU's is very much a function of the temperature at which it
can be delivered, the purposes for which it is to be used, and where it is to be delivered.

Solar Energy has numerous advantages as an energy source. The sun is a larg2 continuing
source of domestically available energy, it is widely distributed, and its use does not add
to the earth's overall heat inventory.

The wide distribution of solar energy over the United States makes it possible to consider
systems providing thermal energy or power at the point of use without recourse to the extensive
distribution networks required with central power stations.

Next, consider two major disadvantages of solar energy that pose challenges to innovators

in research and technology. Sunlight intensity is relatively low presenting a technological
challenge to achieve its economic conversion to more useful forms of energy. Solar energy is
intermittent and variable due to diurnal, seasonal, and environmental obscuration effects.
Thus the energy must be either used as it becomes available, or used in conjunction with storage
and backup systems. Because of these two disadvantages, there are requirements for large coliec-
tor areas, and some energy storage. This in turn gives rise to higher initial capital cost than
many competing technologies. v

In considering the cost competitiveness of solar energy systems, however, one needs to take
into account life cycle costs including fuel and impact costs, in addition to the initial cost.
As a result of research and technology projects underway, we believe by the early 1980's some
solar energy systems can meet the challenge of producing substantial quantities of energy at
acceptable commercial costs based upon cost accounting that takes the system's life cycle costs
into consideration. Further, other approaches to producing power from solar energy systems can
be implemented by the late 1980's.
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The general characteristics of the solar energy system being developed in the National
Solar Energy Program are as follows: No insurmountable technical barriers to their impleme-
ntation, numerous conversion methods, and promise of cost competitiveness. Solar energy systems

moreover would conserve domestic fossil fuels, create new exportable technology projects, and
thus improve the balance of trade picture. Additionally, solar energy has minimum environmental
impacts.

In April, 1973 the National Science Foundation was designated by the President's office
to be the lead federal agency in planning and coordinating the broad area of solar energy research
and technology. Five-year program plans for research in each of six selected solar energy tech-
nologies have been developed and are reviewed and revised periodically. The plans and policies
of the National Solar Energy Program are focused on the general objective of developing at the
earliest feasible time those applications of solar energy that can be made economically attractive .
and environmentally acceptable as alternative energy sources. The program plans are adjusted
to reflect continuing critical reviews based on new information and understanding, assessment
of priorities, identification of research and technology needs, levels of funding, and research
capabilities. An integrated research plan recognizing the multi-disciplinary nature of solar
research is being implemented with an estimated NSF funding of 13.2 million dollars in FY'74.

The general objectives of the solar energy program are stated in the following way. To
provide the research and technology base required for economic terrestrial applications for solar
energy. To foster the implementation of practical systems to the state required for commarcial
utilization and to provide a firm technical, environmental, social and economi¢ basis for eval-
uating the role of solar energy utilization in US energy planning.

The research and technology activities for the national solar energy program are organized
under the following six areas. Heating and cooling of tuildings, solar thermal energy conversion,
photovoltaic conversion, biomass production and conversion, wind energy conversion, and ocean
thermal energy conversion. The NSF budgets for solar energy applications in past years and for
the current year are shown in Figure 1 for each of the six program areas. The budgets are given

NSF/RANN SOLAR ENERGY BUDGET
(Millions of Dollars)

FY 1971 FY 1972 FY 1973 FY 1974 FY 1975
(Actual) (Actual) (Actual) (Estimate) (Request)
SOLAR ENERGY FOR BUILDINGS $ 0.54 $ 0.10 $ 0.40 $ 5.9 $ 17.0
SOLAR THERMAL CONVERSION 0.06 0.55 1.43 2.2 10.0
PHOTOVOLTAIC CONVERSION 0.33 0.79 2.4 8.0
BIOCONVERSION FOR FUELS 0.60 0.35 0.65 1.0 5.0
WIND CONVERSION 0.20 1.0 7.0
OCEAN THERMAL DIFFERENCE CONVERSION 0.14 0.23 0.7 3.0 «
WORKSHOPS AND PROGRAM ASSISTANCE 0.19 0.26

$ 1.20 $ 1.66 $ 3.9 $ 13.2 $ 50.0




in terms of Federal fiscal years. The NSF solar energy budget shows $1.2 million in FY'71,

$1.66 in FY'72, $3.96 in FY'73, $13.2 (estimated) in FY'74 and $50 million (estimated) in FY'75.
It should be made clear that the estimated budget in FY 1975 is a requested budget that is subject
to the decision of Congress. The relatively large percentage increases in total funding are

very apparent over the period from FY'71 to the present. In particular, the increases are more
than a factor of three from FY'73 to FY'74 and FY'74 to FY'75, showing the growing federal inter-
est in exploring solar energy aliernatives. -

The total FY'74 Federal funding of solar energy research and technology performed outside
federal laboratories is estimated at 15.1 million. Five federal agencies are considering some
funding for FY'74. The NSF has 13.2, NASA .9 million, the AEC about .6 million, the Department
of Defense has about .2 million and the US Postal Service has .2 million. In addition, there
are Federal inhouse research and technology projects that add to the Federal total funding.

The HSF planning for implementing solar energy applications emphasizes a phased project
planning approach embodying integrated programs of multidisciplinary research, analysis, exper-
iments, and system studies. The most important steps in phased project planning leading to
new applications are shown in Figure 2. The research phase can include basic and applied research

STEPS IN PHASED PROJECT PLANNING TO DEVELOP A NEW APPLICATION

0\ RESEARCH PHAGE ANALYSIS AND TEST OF NEW PROCEDURES
INTERDISCIPLINARY RESEARCH AND SYSTEMS ANALYSIS.
RESEARCH ON MATERIALS, COMPONENTS, AND SUBSYSTEMS
RRARRRRRRRRR AR XA RRX KRR
PHASE 0 I CONCEPTUAL DESIGN AND REQUIREMENTS SPECIFICATION.
P ECONOMIC ANALYSIS AND IMPACT ASSESSMENT
NSF 0 RESEARCH ON CRITICAL MATERIALS, COMPONENTS, AND SUBSYSTEMS.
PHASE1  C PRELIMINARY SYSTEM DESIGN.
E CRITICAL SUBSYSTEM RESEARCH, DESIGN, AND TEST.
PHASE 2 DETAILED SYSTEM DESIGN
SYSTEM CONSTRUCTION, TEST, AND EVALUATION
RRARRRRRRRRR AR RA AR KK
PHASE 3 DEMONSTRATION SYSTEM DESIGN, CONSTRUCTION, AND OPERATION.
OTHER  pyase 4 COMMERCIAL SYSTEM DESIGN, CONSTRUCTION, AND OPERATION.
Figure 2

on advanced approaches to solar energy conversion; feasibility studies; research and analysis

on innovative ideas, materials, components, subsystems; and, basic data required for analysis.
Proof-of-concept experiments (POCE's) are major milestones in the program plan. After a successf-
ul proof-of-concept experiment, the plan continues to the demonstration systems and commercial
phases. A system proof-of-concept experiment is undertaken to prove that the full technology
base is available to enable a user community to move into the design and development of an econ=-
omically viable system. In each program area, these experiments are scheduled by FY 1978 to

be either in the construction and test evaluation (Phase 2), the preliminary system design

(Phrase 1), or the systems analysis and selection (Phase 0), if results in successive stages
justify continuing. Subsystem proof-of-concept experiments are programmed as soon as possible
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to verify the performance, life-time, and operational and environmental responses associated
with materials, components, subsystems, and the general system.

T will highlight the current efforts with particular emphasis on the highest priority area
which is solar energy systems for building. In our projections for advancement, in each of
the areas of applications of solar energy we have system proof-of-concept experiments, to be
completed into Phase 2 within five years in three areas-heating and cooling of buildings, wind
energy conversion, and biomass production and conversion. In the other areas, solar thermal
conversion, photovoltaic conversion, and ocean thermal conversion, component research and sub-
system proof-of-concept experiments will be completed and Phase 0 and Phase 1 will be initiated
on system proof-of-concept experinents.

It should be emphasized that no technological breakthroughs are required -though we expect
some-to obtain useful energy and power from early versions of these solar energy systems. The
major problem in rach application area is to develop systems that are economically acceptable
to the public and commercial sectors in the United States. To do this will require innovative
engineering in conjunction with knowledge and understanding of nature's laws; improved approaches
to collection pnd conversion of solar radiation, and advances in energy storage, transpurt,
and conversion; new systems approaches; and, perhaps most importantly, new and cheaper materials :
to increase system performance, reliability, and economic acceptability. Important problems
must also be solved dealing with other factors, e.g., social, legal, political, regulatory,
environmental, and economic which are identified with wide spread implementation of solar crergy
systems.

A summary of objectives, technologies, and present projects for each of the six application
areas will be described in the following sections. The general objective of the solar-energy-for-
buildings area is to establish the widespread utilization of systems using solar energy for heating,
cooling, and supplying hot water needs for buildings in the United States. This can be done
of course, only to the degree that the system applications are economically viable, technically
feasib]e,'and socially acceptable. More specifically, the five-year objectives are to obtain
increased persormance and new options for components, subsystems and systems, and te complete
proof-of-concept experiments through test of optimized experimental sy.tems for a number of
economically viable applications. The application of heating and cooling to buildings has the
largest priority for funding in the current year's budget (FY 1974), about 45% of the total,
because it is the solar energy area in the most advanced state of technology and economic via-
bility. It offers, moreover, an excellent opportunity to make a significant impact on national
energy requirements. At present, commercial and residential building uses account for approxi-
mately 25% of the energy consumed in the United States, at an annual cost of about 18 billion
dollars. Solar energy systems for space and water heating in buildings have received experi-
mental testing in the past, while combined heating and cooling systems have received very little
nxperimental testing, even in the laboratory. Modest performance data is available for fewer
than 25 solar heating systems constructed over the past 30 years over the entire word.

A conventional approach to a solar energy system providing heating and cooling for buildings
will now be described. The sun's radiation is converted to heat by means of an absorbing surface
incorporated in a flat plate collector assembly. The absorber surface has characteristics in
common with many ordinary materials that get very warm in the sun. It is usually mounted in
a structure that is designed to reduce direct heat losses by conduction, convection, and radi-
ation. A heat transfer fluid is passed through channels in contact with or integral to the
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heat absorber surface. The fluid is circulated to a heat storage unit, or to the heating and
cooling service systems, as required.

A common collector configuration consists of a coated black metal surface including heat
transfer channels sandwiched between heat insulating structures. The sun side is insulated
by a transparent structure consisting of one to three layers of infrared opaque glass (or plas-
tic) each spaced about one half inch apart. This transparent structure is held about one half
inch above the absorbing surface to reduce heat losses by convection and radiation.

The back side of the absorbing surface is covered by a thick layer of thermal insulation
to minimize heat losses from the bottom of the collector. The collector performance may be
improved by using selective coatings to maintain or increase the absorption of solar radiation
at the absorbing surface while reducing the loss of energy by reradiation. Also transparent
coatings or chemical treatments of the surface may be applied to the glass surfaces to reduce
reflections of solar energy at air-glass interfaces. Variations in collector configurations
and designs are being studied to increase energy collection efficiency and to increase output
temperatures for some purposes. It is necessary to increase the quantity of energy collected,
to reduce costs, to reduce material fabrication and operating cost, and to increase perform-
ance and lifetime. Collector design is one of the very important components in the cost of
energy in a solar energy system.

You will be hearing much more about the absorption refrigeration system in the next few
days. Therefore, I will not at this time talk about that system.

In September, an award of $238,000 was made to Colorado State University to design, con-
struct, test, and evaluate an optimized solar heating and cooling system in a fully instrumented
experimental house, near Fort Collins, Colorado. It will be the first full-scale optimized
heating and cooling system test to provide 50 to 75% of the needs for climate conditioning and
hot water heating. This project will provide important information on system performance,
reliability »f components and materials, system operational characteristics and maintenance
problems, and accuracy of nodeling calculations for these types of systems.

Three independent studies by industry-university teams were initiated by NSF in October
as the initxal phase(Phase 0) in systems proof-of-concept experiments for heating and cooling
of buildings. These studies will be completed by June, 1974. They wi’l identify the most viable
applications of solar energy systems considering all types of buildings in all climatic regions
of the United States. Mr. Raymond Fields will be discussing these studies later, along with
the next two projects that I will only mention now as a part of this program area.

A mobile solar research laboratory is under construction with NSF support to test advanced
equipment for the solar heating and cooling of buildings. This laboratory is to be housed in
two trailer vehicles which will be moved to various locations in the United States to collect
experimental data on systems performance under a wide variety of climatic and sun conditions.
The climatic and insulation characteristics will be measured with installed equipment. Another
purpose of the laboratory is to acquaint designers, architects, building contractors, zoning
and building code officials, mortgage lenders and others with the characteristics and capabilities
of solar energy heating and cooling systems for buildings.

In January the NSF initiated four projects called solar energy school heating augmentation
experiments to advance the systems technology for using solar energy for space heating and hot
water needs of buildings. A high school, two junior high schools, and an elementary school in
different geographical areas and in different institutional settings are expected to augment
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their regular heating systems with different experimental solar energy systems to be installed
by Harch.

In parallel with and in support of the proof-of-concept expariments, demonstrations of
applications will be carried out by other organizations. The Department of Army, the General
Services Administration, NASA, and the United States Postal Service have initiated phased pro-
Jects that can lead to solar heating and cooling systems in their facilities. These programs,
if completed, will become part of the program for proof-of-concept experiments and will provide
important data points in the understanding of the problems of utilizing solar systems.

As  proof-of-concept experiments proceed, a.. and supporting vasearch on new and
improved components and systems will continue. The research projects conducted in the past
have brought the state-of-the-art to the point that the present experiments can be done. The
supporting research and technology will be programed for the future generations of heating and
cooling systems as well as for the immediate needs of the proof-of-concept experiment, The
advanced research and technology prsgram will be oriented to innovative systems, subsystems,
and components and to obtaining new options for increased performance and reducing the cost
of systems. This work will result in technology for second and third generation systems that
will if all goes well, reduce or eliminate the reliance of these systems cn auxiliary power
sources.

Many of you are familiar with the program solicitation that was placed in the late summer.
The NSF asked for proposals in ten areas, and the proposals were requested by November 28,

About 450 proposals were received. The evaluation panels have met, negotiations with the top-
rated proposers have been initiated or wili be initiated in the near future. Final decisions
by a source selection board in funding of the projects will be completed in the next few months.
We anticipate the order of 30 or more projects being funded out of that program .olicitation.

There are now 27 active, research and study projects supported by about five million dollars
in federal funds to non-federal institutions working on solar energy for buildings. These
projects are supported by NSF (22), HUD (1), NASA-Lewis (1), AEC (1), Department of the Army
(1), and the United States Postal Service (1). As I said, alout 20 or 30 more projects will
be initiated by NSF in F¥'74, Research areas of greates® potential impact include improved
collection of solar radiation, that is for higher terceratures and for higher efficiencies;
improved heat transfer and transport systems, heat storage materials, and Systems; space cooling
systems to get higher efficiencies at practical solar system temperatures; and materials to
get better and cheaper performance and combinations of functions. In each area of research
need, it is imperative that costs of producing, installing, and maintaining the systems be
reduced while maintaining or improving the system performance.

A technology assessment has been initiated with emphasis on the potential societal impacts
of large-scale implementation of solar energy applications, with emphasis on solar energy systems
in buildings. This study seeks to predict secondary and ternary impacts and problems to society,
the economy, competitive industries, material resources, material dislocations, and new large-
scale industries.

I would Tike now to pass to the second area that the solar energy program includes which
is solar thermal conversion. The general objective is to prove the technical and economic feasi-
bility of solar thermal conversion systems providing electrical or combined electrical and thermal
service. Hore specifically, the five-year objectives are to complete system studies to select
sites and systems for proof-of-concept experiments and to complete subsystem proof-of-concept
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experiments on solar concentrators and collectors, thermal collection and transfer, energy
storage, heat exchangers and organic Rankine energy conversion cycles. The NSF also has ini-
tiated a number of projects to try to optimize the economics of solar thermal systems. Federal
funding in this research area is estimated to be about $2.4 million dollars in FY 1974 including
$2.2 million from NSF and $200,000 from NASA. Systems studies and analytical modeling to opti-
mize system performance and power costs are underway along with collector-concentrator experi-
mental studies, selective ccatings, experimental studies, mission analysis, and design and
experiments on other system tomponents.

Solar thermal conversion systems collect solar radiation and convert it to velatively high.
temperature heat that can be applied to a boiler in a conventional thermodynamic cycle to produce
electricity or mechanical shaft power. The steam raised by applying heat to the boiler can
also be used to produce process steam or water for manufacturing or heating needs. For the
sake of higher conversion efficiency and thermodynamic cycles, it is desirable to collect heat
at as high a temperature as possible.

Several different system approaches are being studied for concentration of solar energy.

In the first approach, generically referred to as distributed radiation collection, large para-
bolic cylindrical mirrors follow the sun along a single axis and focus the radiation on a line
focus. The intense radiation along the focal 1line is absorbed by a selective optical coating
on the outside surface of a cylindrical metal heat transfer pipe placed inside an evacuated
transparent pipe. The heat is removed by a heat transfer fluid to a storaje unit or to a heat
exchanger connected with a power conversion unit. In some system concepts, a heat pipe seirves
as a heat transfer device from the 1ine focus of the concentrator to a local heat exchanger and
storage unit. For a large power plant, the heat energy must be transported relatively long
distances by means of hot fluid passing through pipe to a central storage unit, or to a power
conversion unit. There are of course extra problems with heat losses during the heat transport
process. Temperatures in the range of 300 to 600 degrees F may be obtained at total energy
collection efficiencies of about 50% of the intercepted radiation.

In a second approach, a field of two-axis steered mirrors follow the sun and deflect the
sun's image to a fixed absorber boiler unit mounted on top of a high tower. Thousands of mirrors
can be deployed to concentrate direct sun 1ight on the absorber boiler unit. The high temperature
heat absorbed at the boiler surface can be used to produce steam or other vapors to operate a
turbo-electric generator. Temperatures greater than 1000 degrees F. can be obtained at rela-
tively high total collection efficiency.

Stil11 another approach to solar thermal power conversion is an adaptation of flat plate
collectors to higher thermal temperature collection. Temperatures in the range of 300 degrees
F. may be realizable at acceptable collector efficiencies. The advantage of flat plate collec-
tors over the radiation concentrating techniques is that such a system can use diffuse as well
as direct sunlight.

The technical feasibility of solar thermal power systems has been established by a number
ol experimental facilities. As long ago as 1913, in Egypt, an array of cylindrical collectors
totalling about 13,000 square feet was used to concentrate solar energy to produce steam for
operation of an engine to pump up water. This power system producéd peak power of more than
50 horse power. It operated for several years.
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Hore recently, several solar furnaces have been constructed in which mirrors with two-axis
tracking are used to concentrate radiation at a central point for high temperature experiments
on materials. The largest of these is located at Odeillo, France ia the mountains near its border
with Spain. This solar furnace generates one megawatt of thermal power within a two foot diameter
to create temperatures of the order of 7,000 degrees F. This heat could be captured in an absorber
boiler, used to generate a ot gas, and converted to electricity in a turbine generator.

At the present time the Federal government is supporting ten outside projects with a total
value of about $2.5 million dollars. Of these projects, nine are supported by NSF and one by
NASA Lewis. There is some work being done in Federal laboratories operated by NASA and AEC.
Hajor research problems remain in the areas of collection and concentration; heat transfer and
storage, heat exchangers and boilers, materials performance, and component lifetimes. Special
problems include high temperature selective optical coatings, reflector designs and optical
coatings, thermal insulation, thermal transients, material fatigue, and material compatibilities.

Passing now to photovoltaic conversion, the general objective is to develop low-cost,
long-life, reliable photovoltaic conversion systems to be commercially available for a variety
of terrestrial applications. More specific objectives in the five-year plan are to reduce the
cost of solar cell arrays made from single crystal silicon wafers by a factor of more than
105 to provide the research base for alternative solar cell technologies, i.e., CdS, GaAs, thin
film poly-crystaline silicon showing low-cost potentials to conduct systems and applications
studies for low-cost fabrication of cells and arrays; and, to identify a system proof-of-concept
experiment projecting power costs a factor of 10 lower than present costs. The Federal funding
for photovoltaic research and technology for terrestrial applications is estimated to be about
three million dollars in FY74.

The use of semiconductor solar cells for direct conversion of solar radiation to electricity
was first shown in 1954. 7o obtain a photovoltaic effect, combinations of transparent semi-
conductor materials or semiconductor and thin film metal materials are placed in intimate contact
to form junctions. These junctions introduce internal fields that in the presence of light to
produce electrons or ions give rise to a potential difference and an electrical current, if
an external circuit is closed. As long as there is a source of light of appropriate wave length,
the device is effectively a small battery or generator delivering direct current electrical
power. Photovoltaic power systems are inherently very attractive because of the direct produc-
tion of electricity, the absence of moving parts, the response to diffuse as well as direct
sunlight, and the fact that a large heat rejection system may not be required.

The most highly developed and most understood photovoltaic device is a silicon single
crystal solar cell that is used extensively in space power systems. These cells hive been demon-
strated to be highly reliable and useful in 2 wide variety of space power applications. They
are equally reliable for producing electrical power on earth. Efficiencies greater than 10%
in the conversicn of sclar energy to electrical enorgy can be obtained at high device yield
with present technology. Efficiencies of 15 to 20% have been obtained for advanced cells.

Single crystal silicon cells are unfortunately very expensive to fabricate. About $30
per watt for moderate quantities of cells with at least 10% conversion efficiency to sunlight
at the surface of the earth. For a large power system with these devices placed in arrays, power
wouid now cost considerably more than $30,000 per kilowatt electric.

There are other photovoltaic materials to be considered as alternatives to the use of sili-
con. Tnese include thin film heterojunction materials such as cadmium sulphide/copper sulphide,
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heterojunction materials such as gallium arsenide and aluminum arsenide, metal thin film junc-
tions such as Schottke diodes, and others.

Silicon solar cell arrays are used extensively as space power supplies including a 20
kilowatt unit aboard NASA's skylab Space Station. Also, silicon solar cell arrays are used
extensively on earth as relatively small remote power units for communications and warning
lights. Also there are a few larger installations to pump water.

At the present time the federal government is supporting 15 outside projects in the photo-
voltaics area with a total value of about $1.8 million. Of these projects, 10 are supported
by NSF and five by NASA laboratories. There is considerable additional work being done in lab-
oratories operated by NASA and the AEC. Research and technology in photovoltaic conversion
requires the highest technology. In particular, solid state and materials research technology
will play an important role. Major research areas include new approaches to fabrication of
single crystal silicon wafers and solar cells and fabrication and characterization of polycrys-
talline silicon cells and cadmium sulphide/copper sulphide cells; investigations of stabilities
and effects in heterojunction and homojunction cells; investigation of crystal defects and impur-
ities on device performance; and, characterization of new combinations of photovoltaic materials.

In the area of bio/mass production and conversion, the general objective is to prove the
economic feasibility for large-scale conversion of organic waste, cultivated organic materials,
and water to form gaseous, liquid, and solid fuels using bio/logical processes. More speci-
fically, the five-year objectives are to provide an improved tecinological base for anaerobic
conversion of organic materials to methane gas; to show the technical feasibility of producing
hydrogen from water by photosynthesizing bio/logical crganisms; to identify cultivated crops
and associated technology and systems to produce fuel resources; and, to complete a system
proof-of-concept experiment through the test and evaluation phase to study the production of
methane gas from urban and oryanic wastes.

The federal funding of research in this area is estimated at one million dollars in FY'74.
At the present time, there are nine projects with a total value of $1.2 million being sponsored
by the federal government in outside laboratories. Of these projects, seven are sponsored by
lSF, one by NASA, and one by the Department of Agriculture.

In the area of wind energy conversion, the general objective is to develop reliable, cost-
competitive wind energy conversion systems capable of rapid commercial exploitation. Specific
objectives in the five-year plan include increased performance and new options tor components,
subsystems, and systems up to about 10 Mwe electric systems, and completed system proof-of-
concept experiments through testing and evaluation for 100 kilowatt electric systems and for
other systems in the one-half to two Mwe power level.

Windmills have been in use for many decades to produce eiactrical power and for centuries
to produce water. In fact the largest windmill electric power system in the world had a peak
electric output of 1.2 Mwe and was operated in Vermont in the early 1940's in conjunction with
a public utility network. Though the system operated successfully for a number of years, it
was dismantled in the mid-1940's after a material defect in the rotor led to a structure failure
that was not repaired.

At the present time, the federal government is supporting four outside projects with a total
value of about $0.3 million dollars, all of which is provided by the NSF. The federal budget
for research on wind energy conversion is estimated at one million dollars for FY'74.
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The last area I will be discussing is ocean thermal conversion. This source of energy
is adjacent to the coast of the United States and consists of thermal differences between the
ocean surface and the ocean depths resulting from solar energy absorption on the surface of
the tropical oceans and the vast nearby cold water at 1,000 meter depth which has flowed from
the polar regions. The general objective of the research program is to establish system relia-
bility and economic viability of large-scale power plants converting ocean thermal energy into
electricity. Specific objectives in the five- year plan are to establish the design of compon-
ents and subsystems and to obtain subsystem performance data; to conduct system studies and
subsystem experiments; and, to identify a system proof-of-concept experiment projecting a relia-
ble, practical system.

A 22 kilowatt electric plant was operated for about 11 days in 1929 as a first relatively
successful demonstration. A temperature difference of about 35 degrees F. was used to drive
a specialized design turbine. ODue to the relatively small temperature differences of the
thermal source, the practical engine efficiency is only a few percent, so that very large
quantities of water must move through a system per unit of power produced. This factor results
in systems requiring very large components to handle the large cold and warm water volumes.
Fortunately, extremely large replenishable volumes of both warm and cold water are available.

At the present time, the Federal government is supporting two outside projects with a total
value of about 0.3 million provided by the NSF. The Federal budget for research in ocean thermal
conversion is estimated at $0.7 million for FY'74,

Now, I'd 1ike to conclude by saying that the U.S. solar energy plan is based on the follow-
ing conclusions: technical feasibility has been shown for each application area; support of
research and technology in each area --along with phased project planning; consideration of
socio-economic, environmental, legal and other issues; and attention to implementation and utili-
zation issues--can lead to reliable and economically viable systems; each application area can
make a substantial contribution to domestically available U.S. energy resources; and, each area
should be developed to practical systems at the eariiest feasible time. Research is underway
and more is being initiated in the six principal areas of investigation.

Research and technology are identifying new approaches to solar energy systems, and are
focusing on new and improved materials, components, subsystems, and systems in each principal
area. System pruof-of-concept experiments in each of the application areas are being programmed
at the earliest feasible time to show projected performance and economic viability. Innovative
jdeas and existing research rasults must be apolied effectively by marshaling the potential
contributions of interested professional persons across the broad disciplinary areas covered
by solar energy applications. AcJditional research results must be obtained through directed
efforts as the needs for such results are recognized.

It is the belief of many of us as scientists and engineers that some applications, namely,
heating and cooling of buildings, wind energy conversion, and biomass production and conversion
can have impact on the U.S. energy needs by the early 1980's. Other solar energy applications,
namely, solar thermal, photovoltaics, and ocean thermal conversion can become viable economic
systems later in the 1980's.

The federal government is moving ahead strongly to prove solar energy systems as practical,
important, alternative sources for the nation's energy.
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COOLING ASPECTS OF THE CURRENT G.E., TRW, AND YESTINGHOUSE NSF CONTRACTS
Raymond Fields
NSF

I would like to tell you what the mission of the Public Technology Projects Office is. We
are program managers and it's our job to try and design and conduct proof of concept experiments
{POCE's). Because of the high pr{ority placed on solar energy and in particular on the heating
and cooling of buildings, at the present time the Public Technology Projects Office is working
on the heating and cooling of buildings only. ODr. Herwig has already given you a thumbnail sketch
of the phased project planning that we do. In the heating and cooling of buildings we're pre-
sently in the phase zero feasibility study for solar energy applied to the heating and cooling
of buildings. We have three contractors: G.E., TRH, and Westinghouse. Each of these companies
i> looking at the United States and dividing it into climatologic areas as necessary due to the
weather and insolation of the various geographical regions, and they are looking at all building
types and boiling them down to a manageable group of categories and then they are creating system
concepts which will meet the thermal requirements of these buildings in the climatologic areas
that they have already decided on. After they have created these system concepts they will then
assess the economic viability of the system. For instance, one test of the economic viability
might be that the fuel saved by using the solar energy system pays back the cost of the initial
capital investment in the solar system in five years or ten years or in some fraction of the
1ife of the solar system.

This project is far more than a technical project has already been indicated. We know it
is technically feasible. The problems are getting it economic, and to get it socially accepted.
The studies will address themselves to the problems of building codes, and what kinds of zoning
problems will be encountered. The studies must consider the esthetics of the systems. The proof
of concept e.periment must address itself to the needs of the building community, the designers
of systems, the consulting firms, and the architects. We need to produce data so that the
various companies in the United States that are interested in this field can essess the subsystems
or the areas of the solar energy business that they will wish to enter. And of course, we have
to look at the social impact that creation of a new business means in a way of new skills, dis-
locations of present skills and so forth.

In the economic assessment, the studies are looking at the total requirements of the building,
the heating, the cooling and the hot water needs, trying to reach the point at which you have
the best economic return. At this point all of the companies are assessing the various types
of cooling systems, the heat pumps, the desiccant systems, the Rankine, and absorption, all with
respect to utilization within a total building system. We're four months into an eight month
study. The three companies have completed the data gathering and are now in the process of assess-
ing the feasibility of solar cooling of buildings at the present state of the art.

One other output of this phase zero study will be to identify the improvements in systems
or subsystems required in order to bring more types of applications into economic viability.

We will begin projects to improve performance, as raquired, to increase applications.
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We expect to start with the operation of the Colorado State University Laboratory this year.
Dr. Herwig has already talked about it so I will just touch on it to say that it is a critically
importaat program in our proof of concept program. It will give us baseline system data. Later
we will use this laboratory facility as a test facility for new subsystems. Once it is set up
and calibrated, we can substitute new subsystems to get a quick performance test.

We have also a Transportable Solar Lab. This laboratory will have two refrigeration systems.
It will have the Arkla three ton absorption system and it will also have a Rankine cycle system
driving a Freon compressor. When refrigeration is not needed, the Rankine cycle engine can
be clutched to a generator. I think this lab will provide a great deal of data which will be
useful to industry and will support the proof of concept experiments. This laboratory will gather
insolation data and weather data coincident with the systems operations.

This past month we initiated work at four schools. G.E. is supplying a sysiem which goes
on the roof of a school in Boston. The system will be utilized to supply heat to the fresh air
intake thereby reducing the heating load requirement on the school's heating system. The Honey-
well system in a school in Minneapolis can be operated in three modes. This school requires heat
year round. In one of the modes it will provide space heat to the school; in one mode, it will be
used to supply hot water, and in the third mode it will supply heat to the swimming pool. The solar
heating system at Warrenton, Va. by Intertechnology Corporation is going to supply all of the
heat to five portable classrooms. It features a single collector with two large storage tanks
buried in the ground. Based on present data it would appear that we can meet the entire needs
of those five classrooms. The AAI Corporation is building a system which will go on an elemcntary
school in Timonium, Maryland. This is an "E" shaped school with the collectors on the middle
of the "E". The system will supply the entire heat requirement for that particular wing of the
school. This system will contain a 15000 gallon storage tank. A1l of these systems will be
in operation still this heating season. During this coming summer, we will operate these systems
to determine the capability of eacii system to drive air conditioning equipment. The heat collected
will be dumped. So while we will not obtain refrigeration, we do expect to gather useful data for
later application to refrigeration.

Returning to the Feasibility studies, the contracts are due to be completed at the end of
May. We're planning to hold a conference in Washington sometime in July ac whicih time the tnree
contractor's will present their results to all of you.

24

PAT R
[§ 4




Opening Session Overview Presentations - Pretorius
UTILIZATION PLANS IN THE RESEARCH APPLIED TO NATIONAL NEEDS (RANN) OFFICE OF THE NSF
Thomas H. Pretorius

RAHN Directorate, NSF

1 have been asked to talk about utilization plans, and [ have accepted. I'11 start off by

saying that the A in RANN stands for applications, and applications means that we must find some
’ way to plot a course of action from the research phase to the actual use. The RANN management
calls this the utilization plan. In our RANN guidelines that we're publishing for all proposals
that come to RANN, we're asking that three parts be included in the proposal. One is a research
plan, one is a management plan, and the third is a utilization plan. [ think this emphasizes
the fact that the RANIl .;anagement is going to be insistent that people who have grants or con-
tracts from RAHN are going to recognize a course of action to go from research to use.

This actually is a new twist of things. Most of the people are familar with DOD and NASA.
In these two organdzations, we have a very definite track record. We know almost exactly what
it takes to go from research to use. We also have a situation in which DOD or NASA, and to a
certain extent the AEC, control all of the elements in the cycle. Unfortunateily, for us in RANN,
we do not control all of these elements. We therefore, must recognize the mctivating factors
that are going to help move the programs through the cycle.

Harold Horowitz asked me to make one other comment to you and that is, that in all of our
unsolicited : roposals, we are insisting that these guidelines be followed. In the RFP solici-
tations which we recently put out and which a number of you have responded to, Harold Horowitz,
the program manager, had already prepared the utilization plans and as such your proposals
did not require one. MNow, I'm sure that as this program begins to formulate and as you start
down the road, you're going to get a little more questioning and a little more emphasis to make
sure that you're following what Harold Horowitz has already implemented or suggested for imple-
mentation.

I think I'm going to spend just a few minutes telling you what we consider a utilization
plan should includge.

The first thing that I think you ought to have in your plan is an identification {and some
kind of an understanding) of the need.

The second thing is that you should have recognition of your competition. You should have
some ideas of what kind of programs you're competing with.

The third is the identification of your users. Who is going actually to use what you are
working on, and what kind of a cooperation and relationship have you es.aplished so that you know
that what ynu develop will be picked up?

The fourth item is that we feel we don't want a complete market plan or business plan, but
we think that you should have some kind of a basic appreciation of what the market potential is
for what you're doing.

The fifth thing is the item that most people usually recognize in utilization and that is
technology transfer and information dissemination. Now almost everybody addresses these two
points. What we're trying to get you to do is to address them in a more positive manner instead
of the passive manner of just writing a report and putting it on a shelf. We would 1ike some of
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the more positive actions to be taken. We would like to have some of these actions scheduled,
so that we ha.e some kind of a@ milestone check point in which you and we know ikt you're shooting
for some goals that you're going to attain.

The last item that we'd like to see in your utilization plan is a budget. We'd like to
make sure that you've included sufficient funds so that you can accomnlish these items that you
need.

I think that in this meeting of ASIRAE and the NSF, we are developing some additional rela-
tionships that are positive, and I think that we at RANI certainly welcome any of the suggestions
or any of the recommendations that you may have to help meke our solar energy proaram more useful
and more beneficial to the nation.
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OVERVIEW OF THE ASHRAE FORUM ON THE USE OF SOLAR ENERGY AS A HEAT SOURCE FOR ABSORPTION MACHINES
David Sutton

ASHRAE and Honeywell Corp.

The ASHRAE forum was somewhat restricted in scope, with the central discussion aimed at
absorption machines as a way of utilizing solar energy for refrigeration and air conditioning.
This worVshop is consideratly broader in scope. The annual energy consumption for residential
and comnercial buildings is often presented as 25% of the energy consumed in the nation. If
you add to that 25% the losses associated with the generation of the electrical energy consumed
in residential and commercial buildings, a more realistic figure is closer to 34%. I'd like
first to comment on how this 34% breaks down. 11% is for heating of residences; 6.9% is for the
heating of commercial buildings; 2.9% is for domestic hot water in residences, and 1.1% is for
hot water in commercial buildings., Air conditioning in residences accounts for 7/10 of 1%, and
air conditioning in commercial buildings consumes about 1.8%. While air conditioning energy
might sound low, the growth rates is pacing all other areas of energy usage. The residential
air conditioning growth rate is 15.6% per year and the commercial growth rate 8.6% per year.

SO you can see that the subject that we're addressing in this workshop is a rapidly growi ..
problem that requires increasing attention.

In the ASHRAE forum we first discussed solar co’ lectors and collector performance. We then
covered absorption refrigeration machines and what performance they are capable of, finally we
tried to combine the two to discuss system capabilities.

On collector performance there was some diversity of opinion. We discussed 200 degree F
temperature levels as being realistically achievable with flat plate collectors. Using concen-
trating collectors it might be possible to attair temperatures approaching 1,000 degrees, but
the economics do not seem favorable. We discussed the efficiency levels of flat plate collec-~
tors. The top number presented was 90%. When that number came out, there were quite a few pecple
who chalicnged it from the floor. The lowest efficiency mentioned was 30% and I came away with
the feeling that 50% was 2 realistic efficiency level for flat plate solar collectors.

\le then proceded to discussion of absorption refrigeration. The aqua-ammonia system is most
commonly used today in conventional absorption refrigeration systems. The lithium bromide system
in the subject of considerable current interest since it is capable of operating at lower source
temperature levels, and is one of the *top contenders being considered for use with solar collec~
tors. It was apparent from the discussion that there are no cooling concepts available that
are specifically designed for matching the capabilities of solar collection systems. The absorp-
tion approaches used to date, have taken existing concepts and modified them for best fit. The
degree of improvement that could be achieved by designing an absorption system for optimum match
with solar collectors is not yet determined.

There was considerable concern expressed over economics. There was also concern expressed
as to the required heat transfer area when operating from Tow temperature sources. The accepta-
bility of water cooling for the condensers of absorption refrigeration machines was discussed.
Water cooling for residential systems was rejected by the air conditioning indvstry quite a few
years ago because of the concern over water shortages. This then raises the acceptability of
cooling towers for residences, apartments and for commercial buildings.
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In the latter stages of our discussion there was an expression of concern as to the attitude
of conservatism and pessimism that was being expressed. There were remarks to the effect that
industry had to be more optimistic, and start to do some blue sky thinking. It was suggested
that we should start moving ahead with absorption refrigeration using a water cooled concept.

If we did that, it might set the stage for development work on air cooled systens.

Going on from there then we got into some discussion of the different kinds of applications.
There was also discussion of the work to be done on the integration of the solar equipment design
with the building design. There are several programs that are analyzing that question, and also
the question of how to market solar systems, if feasible.

At that point we got into the question of investments and payoff. Using the investment
appraisal criteria normally used by the heating and air conditioning industry. solar heating
and air conditioning makes no sense. This being the case, the role of government is very impor-
tant to stimulate industry to apply its technical capabilities to some of these challenging
problems and to provide the motivation to go ahead. We are pleased to see the important role
that the NSF and NASA are playing in this area.

Harold Horowitz talked about the request for proposal that went out last fall for work
in the various areas of solar energy utilization and solar cooling. I believe he indicated
that the response from the industry was excellent and that industry was actively working the
problem and was responsive to the idea of working with government to get the job done.

In conclusion, there has been some suggestion that maybe solar cooling was so tough that
we should be moving ahead with heating and domestic hot water and let the cooling phase in later.
It has also been said that these things are all technically feasible and it's just a matter
of working out the economics. That might well be true, but the question of solar cooling tech-
nical feasibility and the best approach is still very fuzzy. This is the key technical chal-
lenge, and is the challenge to this workshop group. You have got a big problem under the micro-
scope and I think it was wise to schedule this session in Los Angeles at this time, since it

is important that we get pecople from the industry and the membership of ASHRAE looking at the
problem.
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Questions and Answers:

John Carr, Boeing Company: When will the results of the phase zero studies by GE Nestinghouse
and TRW be available in documented form?

Raymond Fields, NSF: Well I assume about the same time, about the end of June.
Anonymous Questioner: What temperatures are needed for absorption systems?

David Sutton, Honeywell: Thank you for bringing it up, [ think that it is an important point.

I think that the people that are working in the area of solar collectors feel that we're very
close and can make the technical advances there to be realizing temperatures in the area of

200 to 230 degrees perhaps. This is harder at the north pole than it is down here in Los Angeles
but that point did come up yesterday and I think that there was a feeling that perhaps we should
be proceeding with work in the area of absorption machine development that assumes that we are
going to be successful in achieving those temperature levels. I am really not too knowledgeable
in that area and John, [ don't know if you would like to add to that, perhaps you could give

the group a little better perspective than I can.

John Yellott, Arizona State Univ.: I really can only speck with any certainty about the lithium
bromide systems, where the operating temperatures are in the range of the low 200's. 240F is an
optimum temperature for the machines in commercial use today, but they can operate at 200 to 210
degrees. There, the machines aren't quite as efficient as they are at higher temperatures. We
are talking about current day machines designed with the most economic heat transfer surfaces.
We can of course design machines with larger heat exchangers and thus lower these temperatures,
but it's a tradeoff on economic cost. How much surface should be put in to lower the operating
temperatures? With respect to limitations, we are also dealing with a heat sink in the form of
a cooling tower for these water-cooled machines, and we can't use such low heat source temper-
atures that they approach the temperature of the heat sink. We must have some substantial
temperature difference for rejection of the heat from the absorption machine to the cooling
tower,

George LOf, Colorado State Univ.: [ have a suggestion as to why there was such a broad range
of efficiencies mentioned in the conference that Dave Sutton spoke about and a suggestion as

to how all of those numbers can be reconciled. [ believe he used the range of 30% to 90% and
they can all be right. The reason being is that efficieacy is a function of two very important
variables. The amount of solar radiation and the temperature of operation above ambient. So

I would like to suggest when efficiencies are talked about for a solar collector, it should include
a mention of these two factors. For want of anything better, it's convenient to talk about
efficiency at a condition at which the heat delivery from the collector is about 190 degrees

F. above ambient temperature so if your ambient is 40, you're delivering at 140, if it's 90,
you're delivering at 190 and So on and with a solar radiation level, that's specified and the
convenient one there is about 300 BTU per square foo* per hour. [ think under those conditions,
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you have now the kind of environment in which an efficiency really means something, and
a good collector under those specified conditions should give you somewhere around
59¢ efficiency.

Lloyd Herwig, NSF: 1 think I should say something about this issue which has come up both this
afternoon and at the forum on Tuesday morning. There is a problem that has been recognized

in which people doing work with solar collectors report their data on what seems to be different

basis. This, of course can be confusing. We're trying to work ourselves out of that situation.

At the present time, HSF has an award for a study at the National Bureau of Standards which

hopefuity wall give us by June some tentative testing procedure for solar collectnrs and also a
for energy storage devices for use with solar systems. We would like to make that available

to the people who are doing research with collectors and energy systems both as a way of

the proposed testing procedure and as a way of trying to have the data which comes out of these .
prograns be in more consistent and comparable form than it is at the present time. The two

co-principal investigators for that project are Dr. Jim Hill and Dr. Tamami Kusuda. I know that

Dr. Kusuda was at the ASHRAE meeting, and several times was on the verge ¢f jumping up and

addressing this issue, but he never quite made [%. In any case they are at work on this project,

and hopefully by June we will have a piece of paper from them which will be their recommended

tentative testing procedure. It will offer their proposition on how solar collectors should

be tested and rated and how soiar energy storage devices should be tested and rated.

Halter Sargent, University of Maryland: [ would like to ash the representatives frem NSF if
you can give us sore idea of how in the future you plan to award grants for studies in solar
energy. Will it mainly be by tie program solicitation and RFP route, or will there still be
room for unsolicited proposals?

ANSHER: Yes,

Pete Collin, llechanical Technology: 1 would like to echo that earlier comment about high tem-
peratures when it comes to dynamic riachinery for cooling or for generation of power, It's very
well known that the higher the inlet temperature of the machinery, the more efficient we can
make it. [ don't scte in the program anywhere here anry specific discussion that would give us
machinery types a better ieeling for what temperatures we can expect in the future from either
flat plate cgliiectors, or concentrating type collectors. I think that to me and my type of
people this is very important input and I don't see much coming out yet from this meeting. Will
it cume out?

Harold Horowitz, NSF: [t probably won't. That's a legitimate question. You're complaining
about the weakness Of having a specialized workshop. We left the collectors, storage devices,
and other components of the system out of this workshop to concentrate on cooling components.
The one previous workshop that we've had on heating and cooling of buildings in March nf last
year covered the waterfront. Now we feel that there's enough work going on in the component
areas so that in order to treat them properly, we have to concentrate the subject matter in
the time, Thus we weren't planning to lay before this audience some of the interesting work
that's going on with collector development that may give us some higher temperatures maybe, and -
certainly lov.er costs and other kinds of improvements in a few years. I'm afraid you may have

to come to some of the next workshops to get that kind of data. We are concerned about giving

you more information in those areas in the near future. MHe have some plans about having a next
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workshiop meeting later this year where we will try to cover the collector subject and the energy
storage subject.

The proceedings of the heating and cvoling workshop are now available. This is the workshop
that was held in March of last year. It was held in Washington, it was organized for us by the
University of Maryland, and the final proceedings is available from NTIS (Allen, 1974) and it
covars the whole range of subject matter. e hope very soon to make the contents obsolete.

Elmer Streed, Lockheed Research Laboratory: 1 want to ask Ray Fields. Is the geographical route
and the time schedule for the Honeywell Vans known at this time?

Raymond Fields, NSF: MNo. the exact test schedule is still being worked out. The van is built
now and is still in the shop. Outdoor tests at the Honeywell Research Center will begin in the
next week to ten days. When the system is delivered initially it will have heating, space
keating and hot water only. Al the end of April, after a field test at the HDBS, at Warrenton and
at Timonium, we return it to Honeywell where the two refrigeration systems will be installed.
The real field test program will begin in June.

Anonymous Question: Is it possible that the van might comwc by the vicinity of particular
researchers, so that they could compare performance data with their measurement equipment and
with their cwn test nodels and this sort of thing?

Fields, NSF: Well we'd be happy to discuss that with you. We haven't put the test schedule to
bed yet.

Anonymous Question: Is there a plan on flai plate collector optimization thal you can project
to some point when you think you would want to stop and then say go with your subsystem integra-
tion? Is there yoing to be a future solicitation similar to the solicitation November 28 Al
category, or do you see a point where you'll say, "Hey, I think we're close?"

Horowitz, NSF: Well, that's an awful hard question to answer. We have no plans to do a soli-
citation like the one we did this past year again. The circumstances were very unique, in that
we were trying to address many problems and more problems than just advancing to technology.

We were trying also to build up the number of workers in the field. Prior to this current year
there were very limited number of on-going solar energy research projects in the United States
and very few people involved. We were all hearing the same names of peenle workiny in the field
over and over again. We were really very much interested in knowing who was out there that

had ideas. The program solicitation that we had this past year, was an attempt to find out
what kinds of ideas were out there and now we know. There are a lot of good ideas and a lot

of capability. I think in the next year or so, the whole program is going to move on to another
Jevel of sophistication. It's extremely difficult to predict at this time what a terminal point
will be. Ye would like to think in terms of a terminal point three to five years from now,

and that's what we're talking about.

Raymond Fields, NSF: May I add a little to that? If our proof of concept experiment program
goes as we expect, we'll start off with a certain area of applications that is viable now and
we'll do what we call a critical subsystem research program, while phase one. the preliminary
design, is going on. There may be indications of very specific system improvements that are
needed to increase the impact of utilization of solar energy.
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Lloyd Herwig, NSF: Well you now have slightly less than two hours before the start of the even-
ing session that is going to be conducted by Sidney Sternberg dealing with the problems of the
technology implementation. We don't want to wait three to five years when we have this great
techaology before we start worrying about how we put it to use. Ne'd like to begin discussing
and considering su-2 of these issues now so 1'd like to call this session to an end.
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Session I. Technology Implementation - Schoen
INTRODUCTORY STATEMENT
Richard Schoen

UCLA

In format and content, this panel session differs somewhat from the others in this workshop.
It is primaril, non-technical in nature and yet its content has a great deal to do with the
ability of solar technology for the cooling of buiidings to eventually achieve widespread comer-
cial utilization.

Relative to other solar technologies for buildings, solar cooling is perhaps furthest from
being a commercial technology. Unlike solar water heating, for example, solar cooling for .
buildings requires even now considerable basic research and development in order to demonstrate
technical feasibility and economic viability. However, experience has shown that achieving
both these objectives does not in turn guarantee acceptance and widespread use within the
building industry. Not infrequently, a technology which has demonstrated satisfactory laboratory
performance subsequently fails to impact the commercial market-place significantly because it
has failed to fit the functional and institutional mechanisms which characterize the industry
for which it is intended. Achieving industry-fit in housing and construction requires under-
standing and dealing with these issues in terms of: roles and attitudes of individual parti-
cipants; shared industry attitudes towards innovative technology; testing and approval processes
for building codes and the frequent vagaries of the codes themselves; skilled building-trades
unions' attitudes and jurisdiction agreements; overriding first-cost concerns in certain building
- type markets; construction financing procedures; etc.

The relatively early position of solar cooling technology on the normal production develop-
rent scale which stretches from basic R&D through various steps to commercial availibility,
provides the development process for this technology with a unique opportunity. Immediately
following Taboratory proof-of-concept experiments, e.g., showing that the technology works,
further development of the technology can involve non-technical experts capable of addressing
thesa primarily institutional issues. If both technical and non-technical researchers manage
to work in an integrated and iterative fashion, the various product-lines which result at the
ompletion of the development cycle will by definition have greater probability of commercial
viability.

There are, in fact identifiable processes of implementation and commercial diffusion of
innovative technology within the housing/construction industry.

A first step toward such integrated approaches to technological development is that the
institutional characteristics of the industry be understood by all involved in the process.

While studies have been recently carried out on the problems of institutional barriers (ref.
Schoen/Weingart/Hirshberg 1974 Ford EPP Study) and conferences have been held on this topic (ref.
the coming MITRE Corp. conference on the subject), it was felt that first-hand interaction between
key industry participants whose roles will impact industry feasibility for solar technology,

and the solar research community could more graphically depict the realities of these issues
than could mere paper studies.
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In order to achieve this kind of communication, a combination of selected industry parti-
cipants and solar researchers were selected for this panel discussion. In turn, a focus for -
the discussion was created by developing a series of questions relating to these issues. An
attempt was then made to match those questions to responcers on the panel, in terms of each
one's particular expertise. A summary list of those questions follows below. Each question
is then repeated as a heading for individual panel member response.

The list of questions provided to each panel member was headed by the following statement,
iabeled "Context":

"The distance between the essentially engineering
research prototypes now existing in solar technology
and the advent of commercial off-the-shelf systems
. is as risky as it is exciting. The purpose of this
panel is to ask at least some of the questions which
will have to be answered along the way."

1. What is the framework for the total cost of bringing solar air-
conditioning to the market and the percentage of costs and risks
associated with each function, including: engineering development;
plant, capital equipment, and training associated with manufacturing,
marketing, and distribution; and financing?

a. Who are the customers and what might be the potential total
market for the manufacture, distribution, sales and
installation of solar air conditioning?

2. What information on performance, delivery, and product guarantee
does the designer/specifier need in order to freely utilize solar
air conditioning?

3. What part does the final user of solar air conditioning play in
product acceptance and market demand?

4. What characterizes a useful demonstration project that will
effectively encourage industrial participation and market
penetration?

a. YWhat methods might be effectively employed to create and
make a viable market for solar air conditioning?

5. What role would ASHRAE perform in the commercial implementatior of
solar air conditioning?

6. Mhat are the specific technical needs for the earliest commercial-
ization of solar air conditioning?

7. What efforts are required in the diffusion of technical information
on government-sponsored research in order to encourage the develop-

. ment of solar air conditioning to its full , ~tential as r yidly as
possible?

8. Are there changes required in existing building codes, evaluation,
and approval processes that would be required in order to install
solar air conditioning in buildings? If so, please identify.
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| 9. Wnat role can major urban coumunities plan in the implementation
| and diffusion of solar technology for buildings?
Following individual responses to these questions by the various panel participants, a
"wrap-up" and discussion of related issues was presented. The session closed with a question-
and-answer period opened to the floor.
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Session I, Technology Implementation - lNewton

QUESTION: What is the frame work for the total cost for bringing solar air conditioning to the
market and the percentage of cost and risk associated with each function including
engineering development, plant, capital equipment, and training associated with the
manufacturing, marketing, distribution and financing? A. Who are the customers and
what might be the potential total market for the manufacture, distribution, sales,
and installation of solar energy?

Response by
Alwin B. Newton

York

The question is more complex today than it would have been 20 or 30 years ago when I first
started in tiis business. I think nothing is now attempted, by the larger companies at least,
unless they have an assurance among all departments of the company that whatever product is
being considered can be defined accurately as to: what it is supposed to do, how it will be
used, what size mairket it will have, whether it is a growing market, who is that market, is
it a market that that organization can reach, and can they sell to that market? A1 these things
have to be addressed and looked at pretty carefully. The company would also have to look at
the route to market. It might be quite different in a brand new situation than it is in serving
the air conditioning, refrigeration and the heating business, for example.

Another thing that makes it different today, is the degree to which a manufacturer feels
greater responsibility for the product. The days are gone when one used to say, "Well, here
is a new product, let us make 50 or 100 of them and see how it goes." Usually you can not afford
this any more. The cost of design, the cost of satisfying yourself 211 along the line is much
greater than it used to be. So if you are now selling 40,000 units of some air conditioner
for example, I believe you would be looking down the road to why you want to sell 40,000 units
of something that replaced it. So you have got to have more complete design, more certainty
that it is going to do what it should do.

To answer the first part of this question, I believe any company would first analyze all
these 1ittle factors under a project. Someone would bz assigned to it, and I can not imagine
that it would cost less than say, $150,000 to $250,000 to really analyze it and look at it among
the different departments in an organization. So you want to be pretty sure of yourself when
you start in and all the work that is going on now under NSF projects prior to phases three
and four is for the purpose of helping manufacturers be more sure when they do attempt the actual
release of the product.

After one has decided that, yes, it is something that justifies development then you go
through a design and release period. I will just simplify it to that extent. I do not know
how many steps some of us have. I have seen organizations that have 50, 55, 60 steps in the
design and release of the product and a few others that were down to 15 or 20. But they are
all going to try to accomplish the same things. In doing this I would be surprised if the range
of expenditures, assuming now that you are going to get in to a volume market, will not run
$750,000 to five or six million dollars. So again, there is a large commitment on the part of
industry to get into a new field.
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Now in doing this, there are a few things that help us and I presume we may get a little
further touch on this later in the panel, but I do not know how we would start such a project
without having standards so that we could buy components 1ike collectors for exampie, and know
that we bought them on a comparable basis no matter whom we bought them from. We have got
to be able to tell what the performance is. We have got to know something about the codes,
and how we can live with those codes in anything we can do.

Such things as accessory power analysis has to be done in the solar field just as it does
in all our other air conditioning work. It was startling to some of the people years back to
find out that on water cooled systems, it took as much power for some water company to pump
the water to the system and through it as one would add if one changed to an air cooled unit.
And in solar systems we are going to face that kind of question, how much other power are we
affecting?

Then assuming that one has that product design, then one still has to make a decision,

"Do we make it?" I guess every organization has ways of determining whether or not to make

it. Some people may be courageous enough to say, "we are going to plunge into this, we are
going to tool up for it, and we will try it out right away and develop whatever it takes to

sell it." Others may wish to go into a pilot shop operation in making a number of units. These
are not production units, just pilot units. That causes a delay but it does increase safety

and you do learn some things that you would like to change before you are in production. So

it would cost another million dollars or so to go through a pilot program.

Then oneé comes to tooling, and the building of the factory if necessary. The amounts there
will vary. But I can give you one example of our own, one Situation that I was involved with.
We spent about six or eight million dollars in a field that looked good to us and then we came
to the point of production at whichk it would have cost 25 to $30,000,000 to tool a factory in
a way that it could be competitive. The product is still not on the market ten years later.

The actual competitive situation did not justify spending that kind of money.

I can not give you a figure for the kind of product that we are talking about but it is
likely to be a figure at that level. Somewhere pretty well up if you are going to make lots
of units such as this. You must not only tool up the factory, but you must tool up the sales
department and the training department. And this again, must be looked at and the cost may be
a nominal $500,000 or so.

Adding all the suggested costs together shows probable total costs to reach a reasonably
high level of production in any one organization for new items such as Solar Cooling as follows:

Project Analysis $150,000 to $250,000

Design & Release 750,000 5,000,000

Pilot Program (optional) 1,000,000

Tooling & Factory 25,000,000 30,000,000

"Tooling" Sales 300,000 500,000 )
TOTAL $26,200,000 $36,750,000

It should be noted that there are many organizations lcoking for the right place to invest such
sums .

I think the reason for having this particular question on the agenda is to emphasize the
fact that after the preliminary work (such as our present projects) is done, a lot more expense
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has to be anticipated and covered by industry to get a product on the market. I think it is

very important that as scon as there is enough encouragement in any given area, that somebody
begins to look at a parallel program to determine some of these other factors early enough so
that we do not delay another year or more where we might have saved time by some overlap.

39




Session I. Technology Implementation - Fleming

AUESTION: tho are the customers and what might be the potential total market for the manufac-
turers, distribution, sales and installation of solar energy?

Response by

William S. Fleming
Syracuse University

The total market potential of solar energy is basically concerned with solar energy's market
profile and the variables of that profile. Solar heating and cooling variables, into which the .
market profile must be divided are: the marketing system, the market segments, the market potential
and the resultant needed market penetration.

The Marketing System

Solar energy's marketing system must be further subdivided into a solar syste s technological
variables. The entire solar system may be produced by one manufacturer as a packaged industrial
product. As a packaged product a typical market channel could consist of the wholesaler, retailer,
or direct to the final consumer. Another potential marketing system could be various manufac-
turers producing portions of an entire solar system. The marketing system wouid supnly solar
system components to one particular manufacturer and to the industrial macket. 1Inother potential
marketing system would be various manufacturers supplying portions of the solar system to utili-

ties. Utilities would then market the entire solar system as an energy producing product to
the consumer.

The variable in the marketing system that must be considered first is the technological
variable. The seconi consideration would be the technological and market development interaction
and as Mr. Newton said that technical portion could amount to up to five million dollars. From
past experiences large technical development cost can usually be multiplied by five to seven
prior to producing a long term profit. A solar system is not in a near term profit category
because of the vast amount of technological requirements.

The Market Segments

In my opinion the initial market will be public construction. The second market segment
which will accept solar heating and cooling will be commercial and industrial and the third
residential. The rates of acceptance and resultant time lags of the market segments will vary

from five to ten years with residential not having a reasonable market share until 1985.
The Market Potential

The market potential will initially relate to the quality of a solar system just as quality
relates to all HVAC systems. The second item is quantity which wiil have a dircct relationship
to the capital costs of the solar system. The third market potential item is the marketing source
and the technological background. If XYZ company attempts to market a solar system Such an
attempt may fail mainly because of the company's current products, consumer acceptibility and
share within the industry. The fourth market potential item is innovation and the market's accep-
tance or resistance. On many occasions resistance to an innovation occurs and due to esthetics,
past experience, codes, and maintenance of the collector, consumer resictance to solar energy
innovation may evolve. The fifth market potential item is price and as previously discussed
quality and quantity have an inner relationship. The marketing of high capital/ low operating
cost systems will be discussed in an example of a marketing system.
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Market Penetration

Successful manufacturing and marketing of solar heating and cooling systems will require
market penetration of current HVAC systems. The basic reason is that 99.99% of the current market
is, at the present time, gas and eicctric. The market penetration will cause a resistance by
utilities and manufacturers which is a~~in a wnon acceptance of technological innovation. This
non acceptance of innovation will be utilized by the utilities and manufactures who are not
marketing solar heating and cooiing systems to resist market penetration. Marhket penetration
strategy must consider current HVAC systems whicn have competitive advantages and face the fact
that these competitive advantages will be optirally utiiized regardless of what we think of
the energy crisis at this time.

Harket penetration strategy must consider some HVAC manufacturer's concept of solar system
nonfeasibility. Relative to this consideration, some are not involved at the present time
although the NSF is providing resources for technological development.

An_Example of a Marketing System

To provide solar heating and cooling with a marketing and technological example, I have
selected the total energy system. When analyzing the market profile of total energy systems
tiiey were primarily {nitiated as a technological innovation. During the 1960's, the market
rose substantially. As the 1970 era came upon our industry, the total energy market subsided.
High capital cost caused the market strategy to be based upon the operating cost, and the capital/
operating cost economic relationships. The strategy also included marketing by utilities who
gave the system their utmost in marketing profile. The manufacturer and utilities marketing
strategy included and produced the E-cube economical program. The market strategy of the total
energy system could very well be utilized for solar heating and cooling; hopefully to a better
conclusion.

The Market Potential

In my judgement, the potential solar heating and cooling market share will be one to three
percent by 1980, two to five percent by 1985, and four to eight percent by 1990. The aforemen-
tioned market share projection is based on an assumption that there is optimum occurrence within

the marketing system, segments, potential penetration and the need fcr new energy resources
continues. There is a marketing model that relates directly to the potential market of solar
heating and cooling which itemizes the interaction between technological and market research.
If the aforementioned research results are placed into various plans which are based on quanti-
tative analysis an optimum strategy will be developed.
Conclusion

There are differences in perception of the adaptation process by engineers and marketing
individuals. My background and experience includes both engineering and marketing. [If engineers
and marketing professionals are working independently, the rate of acceptance of solar heating
and cooling could possibly be impeded by both the marketing and the engineering profession.
The acceptance rate of solar heating and cooling technology can only be accelerated by discovering
causes of resistance within professions, the consumer acceptance relationships and faults within
both the technical marketiny system. Causes of resistance and < 11ts must be put forth in an
interaction mode between the engineering and marketing profession. The engineering profession

cormonly believes that technological development evokes market development. The marketing pro-
fession commonly believes that market development evokes technological development. Therefore,
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the interaction of both the technological and market development will accelerate solar heating
and cooling acceptance at the lowest capital cost. These interaction characteristics will; reduce
time, monetary lags and speed up both the product and market development. With interaction
between the marketing and engineering profession the data collection and the planniny activity
will be increased and the 1ikelihood of acceptance, penetration and greater market share will

be increased.
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Session I. Technology Inplementation - Miller

QUESTION: uhat information on performance, delivery and product guarantee does the designer
specifier need in order to freely utilize solar air conditioning systems?

Response by

Richard D. Miller
Feuer Corp.

In an effort to answer the question being posed, I'd like to give you my first hand feelings
about utilizing solar energy in the design of air conditioning systems. Presently, the first
step in designing an air conditioning system is to determine the peak heating and cooling loads
of a building. Once this is established, equipment is selected with a known performance during
a given design condition. That's the way it's been tu date. The first thing that comes to
my mind when one mentions solar panels is a piece of equipment that will have a varying output.
Therefore, 1t appears that I must concern myself with match/mismatch variations of the heating
and cooling demands of my building and solar panel rate performance.

Obviously, the design approach that I've taken to date will have to be altered. Now,
equally important to the peak heating and cooling demand, will be the time rate heating and
cooling fluctuations of building and equipment. How does my heating and cooling requirement
vary over a given period of time, as compared to the performance of the solar collector during
the same period of time? I become concerned about how I can readily establish time rate data
for analysis. At the present you can easily calculate the conditions for heating and cooling
using a slide rule. From that point, it is fairly routine for equipment selection. It now
appears I'11 have to resort to a computer, because of all the variables during a given period
of time,

Once a computer readout was available, I would have a time rate output per a>rmance of a
solar collector for the same timetable. [ can readily foresee mass confusion if I were to have
a computer :eadout with a timetable dissimilar to solar collector performance. Our industry
functions on "cookhook" catalog data. For example, if I were to select a fan, I would have before
me a chart in table form that would list for a given fan its CFM output against a given static
pressure, the brake horse power required ard the RPM. Performance data for a solar collector
will have to be in & readily usable form to gain widespread acceptance in the industry. Quite
frankly if I had to go through reams upon reams of paper before I was able to get the kind of
information that I was seeking to proceed with design, I would have a strong inclination to
consider solar energy and it's use an exercise of futility.

I've been told that solar collectors and the technology has been around for a long time,
swimming pools and one story dwellings have utilized solar energy. Well, quite frankly, I'm
relatively unimpressed. l.hen one designs an 18 story building in excess of a hundred thousand
square feet, we're talking about a completely different breed of animal than heating a swinming
pool or heating and cooling a one story, three thousand or four thousand square foot building.
. It would be foolhardy for me to suggest a potential client fitting a building with solar panels
with the present state of the technology. If my client were to ask to see solar energy at use
and I took him out to a pool that's now maintaining temperature from a solar collector, or to
a four thousand square foot house that is heating and cooling somewhere in Arizona, I would
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be minus one client in shurt order. What I'm really sayiny is before I would accept solar
energy, I'd like to see meaningful performance, and when I say meaningful performance, I don't
mean a simulated song and dance routine from a computer, but from an actual working model on

a building of reasonable size where I have some reassurance that solar panels actually perform
and deliver a reliable output of significant magnitude. In my opinion, this is a mandatory first
step necessary to gain wide spread acceptance of what is still a new technology to the build-

ing industry.

Let's assume, 1 have accepted solar panels as a viable energy source, I'd ask such questions
as: llho makes it? 1Is it competively priced? Mill I be able to substitute a panel made by
company A for a panel made by company B, if I need a replacement? How can I be sure that panels
manufactured by different companies will have fairly equal performance? I think this is some-
thing that has to be looked into, and what I'm really suggesting is the need for standard indus-
try ratings not dissimilar from the accepted ARI ratings presently available. I would then
have some reassurance that I'm going to be getting a piece of equipment that will at least
perform within a minimum requirement.

The next question that I would probably have is, how do I tie this solar collector or solar
system into the conventionally heating and cooling systems that I presently knci/, and how do
I control its use? What happens if I have 10 days of cloudy, rainy weather? Do I tell everybody
to get around a pot belly stove until the sun comes out? o I need to install a conventional
boiler? What size should it be? This is a question that has to be answered. I would also
ask what is the water pressure drop of solar panels and what would be it's impact on my pumping
systen. Equally important to all the technical questions that one can pose is the question
of money, gentlemen, money! How much does it all cost?

Perhaps up to now, we've all concerned ourselves with presenting to a client a first cost
comparison of the options available for heating and cooling. With the problem of limited fuels,
and prices increasing constantly, I think one has to analyze a building not only on a first cost
basis, but in terms of energy consumption costs for a given 1ife. Depending upon the type of
building in question if a solar panel system costs "X" number of dollars more than a conventional
boiler plant, it might very well be the logical choice. However, let us not lose sight of the
fact that we still are a first cost oriented industry. Questions, questions, quastions as I
talk about one question a whole array of new ones come to mind. What happens to performance
if panel surfaces get muddy, clogged and dust falls upon it? What kind of maintenance would
be involved for a solar collector? Will this system be acceptable to the local building depart-
ment? Are the panels compatible with code requirements? My first response to solar panels is
one of excitement tempered with caution. I will have to be convinced by a meanirgful performance
over a reasonable period of time before I consider solar panels as an acceptable option on the
building I'm entrusted to design.

I started my little talk this evening by telling you that these are my first hand feelings
about solar energy. I must now tell you that it was only moments before I was called to the
poditm that I found out the topic of my talk. My comments tonight in a very true sense are
first hand.
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Session I. Technology Implementation - Scott

QUESTION: ihat part does the final user of solar air conditioning play in product acceptance
and market demand?

Response by
Jerome E. Scott

(University of Colorado)

Advances in the technology of solar energy utilization and the forecasted rise in conven-
tional fuel prices suggest exciting possibilities for the future of solar energy. Technologies
which appear feasible from a performance standpoint have been developed and are approaching
economies of operation that might speed the diffusion of these innovations. But technological
success does not imply commercial success. There are some very important problems that we should
address in the area of consumer acceptance if solar heating and cooling are to be widely used
in multi-family dwellings and single family units. Specifically, I believe we should consider:
(1) areas of consumer resistance, (2) positive consumer motivations to purchase solar dwellings,
(3) the nature of the demand curve for alternativc concepts, (4) constraints limiting freedom
of choice and (5) target market definition.

First of all considerable effort should be devoted to identifying the specific areas of
consumer resistance to such a technology. Careful research with prospective buyers will be
necessary to estimate the importance of various perceived problems, but let me speculate on
some possibilities. Consider the problem of aesthetics. Clearly, if we proceed toward solar
home development as has been shown with some solar water heaters, we will not get anywhere.
There are issues of design, appearance, space requirements, solar collector type, placement
and configuration which affect motivations to purchase. Certainly home owners buy their resi-
dences on ihe basis of aesthetic appeal, and 1 think it's important that we assess the relative
appeal of different approaches. !le may also expect reservations concerning maintenance, the
fear of breakdowns, freezing, cleaning, storm damage, vandalism, inconvenience, lost time, and
damage losses to the rest of the home. Questions will arise concerning the durability of systems:
deterioration over time, periodic replacement cost, inconvenience.

There may also be more subtle, perhaps subconscious emntional or social cultural facturs
which could retard acceptance., MWould consumers look at sola- homes as living in a cold, anti-
septic laboratory or a factory? 1Is there 2 threat to self esteem or self concept or other basic
needs that individuals may have? Would, for example, a person who uses a solar hcme or a solar
water heater be viewed as an individual who could not achieve an economic level sufficient to
use a more desirable conventional system? Such an attitude would undoubtedly be fostered if
solar units were to be placed on low income subsidized housing as a means of prototype evalu-

. ation. With this approach we would be asking the "trickle down" theory of diffusion to reverse
its historic direction.
A second area is the identification of positive motivations to purchase. There may be
. powerful reasons why some people might prefer solar homes to conventional homes. The antici-
pation of increasing fuel costs and protection against power failures and fuel rationing should
be of considerable appeal to consumers. Solar homes may also be promoted as a prestige item
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building on the rule uf fashion i&ich says, "I've conformed sooner than you have." When one
sees an expensive car, one sees not just the physical chemistry of the product but also status,
prestige, wealth, social position. Further, increasing social consciousness concerning the
environrent and ecology movement are producing more favorable dispositions toward products which
enhance these values. I think it's vital that we identify what these positive motivations are
and how they are distributed throughout society.

A third major area causally related to the motivations to purchase or not is the nature
of the demand curve and associated clasticities for alternative solar home concepts. This infor-
mation is vital in determining how price sensitive the market for solar homes appears to be
as a guide to public policy. Moreover the analysis should try to impute monetary worth to non
price variables as a guide to designers. We should assess the tradeoff between higher initial
outlays and increased mortgage payments throughout the life of the mortgage.

A Fourth major area has to do with possible constraints. There are many constraints which
could serve to block the diffusion of solar homes: building codes, higher insurance rates,
and in particular problems with financial organizations who provide mortgage money. [magine
a very frightening scenario, where the savinas and loan industry refuses to permit the mortgag-
ing of the incremental capital costs associated with a solar home. Imagine, if you will, a 50
thousand dollar home where the buyer is required to produce 20% down, and then an additional
6 or 8 thousand dollars of initial cash outlay to purchase a solar home. Such a condition would
surely block the widespread use of solar technologies.

This suggests another area for investigation. Discussions should be conducted with authore
ities who influence lending institutions to obtain their viewpoints on various approaches.
Included should be officers of the Savings and Loan Assoriation of America, the Federal Home
Loan Bank Board, and the Federal Housing Administration. If consumer demand analyses indicate
that initial capital outlays mu.t be kept down, then it may be necessary for the government to
embark on some approach of subsidization. Such programs could take many forms. The government
could guarantee that part of the mortgage corresponding to the solar home cost or tax reducing
depreciation could be made available to home owners. Other suggestions have included low interest
loans to builders or home owners as weil as utility assumption of first costs.

A fifth major area is the definition of the market. I think it's very important initially
tnat ve locate where the market is and identify the initial consumer for solar homes. What are
his beliefs, attitudes, values, and socioeconomic profiler What are his purchase motivations?
How can such a person be reached and with what message? I think these are some of “he important
questions vie should be asking ourselves now at this state in the deveiopwent of solar heating
and cooling. llorever, I think it is important that research be conducted now so tiat we don't

try to go to market with systems that will fail to be accepted and therefore retard the ultimate
grovith of the industry,
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Session I. Technology Implementation - Papay

QUESTION: !dhat characterizes a useful proof-of-concept experiment or demonstration project
that will in fact effectively encourage industrial participation and market pene-
tration? \|lhat methods might be effectively employed to create and make a viable
market for solar air conditioning?

Response by
Larry Papay

Southern California Edison Company

Soutnern California Edison is intcrested in "larketing”, or demonstrztion, as such, of energy
systems-whether they be end use systems (as we refer t air conditioning, heating etcl, or front
end systems (nuclear power, coal or what have you). Any viable demonstration project has three
phases: The planning phase, the actual demonstration itself at a site or sites, and then what
happens after the demonstration - the implementation program. I think it's important at the
beginning, while carrying out the planning for a demonstration pruject, that participation cr
involvement of all interested parties be assured. This not only includes governmental agencies
which may fund such projects, or the manufacturers of tne equipment, but also the various trades
that would be associated with the demonstration, the building designer, the architects, anc the
utilities.

I might cite an example fici the energy industry to underline this. Approximately ten years
ago the Office of Coal Research thought it hed a very good program going for the development
of alternate uses of coal-synthetic fuels. However, to a certain extent they were carrying
out this program in a vacuum and had not gone out and solicited the support and involvement of
potential users, the .oal or oil companies. Consequently, the program lagged and now with the
shortage of oil and gas which might have been produced from these processes, it is too bau that
there was not involvement of all interested parties at the beginning.

In the planning phase when the demonstration project is being designed, one must be sure
to a) organize the data for the system design, that is, Took at the usage patterns of Fhe poten-
tial customers or sites, b) evaluate the air conditioning requirements for a representative
set of commercial or residential buildings, c¢) do analyses to identify the allowable costs for
subsystems, d) summarize the performance and cost characteristics of these systems and e) carry
out economic tradeoffs and comparisons (combined heating and cooling, the cost for a new instal-
Tation versus retrofit, and other things of this nature).

In the demonstration phase of the program, it is important that the first demonstrations
be set up so that the economic data generated by the demonstration will be reasonable. If the
demonstration progran is designed poorly, it can create stigmas which will be borne by the indus-
. try for many years. This sometimes is apparent with hastily devised test programs. Several

geographic areas should be included in the demonstration program to demonstrate that the economic
operating characteristics of the devices to be tested apply over a variety of conditions. Also
. the demonstration should be conducted on a variety of buildings in the industrial sector and/or
the commercial sector as well as a variety of private or residential structures. This will show
that the demonstrations have been selected on an objective basis and that questions concerning
the viability of the results will be minimized.
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‘ Now from a utility point of view, we feel rather strongly about being involved in the demon-

| stration program because we have been involved with customers (if you like energy users) and
their usage patterns, And we do have programs where we are involved with special needs of selected
custo&ers. Energy services and total energy systems were mentioned before, but there are other
particular needs of customers, for backup service to name one.

Finally, as far as the test duration is concerned, I think we must allow for a considerable
period of demonstration. As a bare minimum it would have to be a year so that one could get
data for all the seasonal variations as far as tne supply and demand of energy are concerned.

Perhaps even longer tnan a year if the risk uncertainties are higher.

How how do you implement once you've got the demonstration program underway or completed? !
4ell implementation is dependent upon actions which are carried ocut at some prior time. You
don't wait for the end¢ of the demonstration and say, "Fine we've got a rcasonable system, I
think we can begin to go out and market it," because there are many factors which have to be
considered. There are institutional or regulatory factors which will have to be resolved. For
example, if there is a cloudy period and a suoplements} energy source is required (whether it
be electric or gas), how do you incorporate this requirement into a rate structure? Perhaps
you go to a two element structure composed of a capacity charge for the customer plus a usage
cnarge. In Southern California ror solar heating there will be a high demand for supplemental
energy vihen the solar heating system is least effective, that is, a cold cloudy day. Thus the
dermand for energs would be highest when the solar system is least capable of meeting that demand.
0f course, storage is another aspect but there are still some needs.

If you were to get a ut1lity involved in the marketing and application as was suggested
previously, there is the fact that utilities are regulated industries. There would have to be
work done initially in an educational process with the various reguiatory commissions to set
up the type of structures and allowances which would permit the utility industries to become
involved in the ownership and/or leasing and/or maintenance of installed systems. The rate
structure coul¢ be designed to encourage the installation of solar energy perhaps as suggested
above. Southern California Edison is looking at ithe institutional factors to determine whether
or not it would be feasible for a utility to be involved in a manner similar to the telephone
company, that is, to own, lease or service equipment to the user. We do get involved to a
certain extent in this way with some large users who require special services.

It is going to be costly to go through the demonstration phase. (I keep using the word
demonstration in the plural because I think there will have to be a series of demonstrations
of different technologies or different modular concepts, different manufacturers. There will
nave to be several of each type in different locations.) The feaerai government wouid probabiy
participate in the cost of such demonstrations. I can't speak for all utilities but as far
as our company is concerned, I think we would probably participate .n such a program.

In closing let me point out that we were asked to respond to HR11027, Representative
HeCormack's Solar Heating and Cooling Demonstration Act. Our response was favorable, and I would
like to quote from our response: "We believe utility involvement in the demonstration of solar
systems is essential, because of the interaction and interface of that system with the utility
systen that is to reference true cost for the supplemental energy. Similarly commercialization -
mAy require services to the energy user similar to those now provided by utilities in connection
with installation and maintenance of conventional systems." On. final comment and that to second

ERIC o5

Aruitoxt provided by Eic:




what a previous speaker had stated: that residential application, unless it's on a large scale
apartment house , is probably lowest on the acceptability level as far as the user is concerned.
Tre initial thrust should be made at the industrial or commercial level, or public buildings.
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Session I. Te:>. Llogy Implementation - Yellott

QUESTION: What role would ASHRAE perform in the commercial utilization of solar air conditioning?
Respense by
John I. Yellott

ASHRAE and Arizona State University

About ten years ago, the ASHRAE Fenestration Committee {TC 4.5) proposed an entirely new
method of calculating solar heat gains through architectural glass. The metnod was originated
by Don Vild, then Chairman of TC 4.5, and when it appeared first in the 1963 Guide it was greeted
with specticism. It re:ppeared in a revised form in the 1967 Handbook of Fundamentals with
greatly improved tabulations of data, with more refined values of Shading Coefficients, and
by that time it had been accepted by most of the engineers and architects in this country as
a practical and accurate way of estimating solar heat gains through fenestration. By 1972,
when the most recent edition of the Handbook of Fundamentals was published, the method had been
so completely enshrined in the literature that it is now completely accepted in this country
and also in France and England.

In the field of solar energy, the Technical Committee of Solar Energy Utilization (TC 6.7)
is facing somewbat the same Situation. ASHRAE is not a commercial organization, yet it is
supported by cor..ercial interests, because without the manufacturers, there would be no ASHRAE.
I can see a numter of things that ASHRAE can do without losing its non-commercial status. The
first thing that ASHRAE has done and can do is to disseminate factual, practical, usable infor-
mation on the subject of solar energy.

We have begun that by preparing a chapter on the current status of the art which will appear
in the 1974 issue of the Handbook of Utilization, to be published by the end of July. Secondly,
the major effort of the Committee on Solar Energy Utilization between the years 1964 and 1966
was the production of the monograph, now a best-seller and recently reprinted, called "Low Tem-
perature Enginearing Application of Solar Energy." It 1s interesting to note that there were
eight members on the Committee which compiled that document, and three of us are on the panel
here tonight. We are going to put out a new and greatly improved version under the editorship
of Richard Jordan and Ben Liu. I trust that this will become as authoritative in the field of
the solar energy technology as are the other ASHRAE publications on the design procedures for
fenestration calculations.

At the Montreal meeting which will take place at the end of June, 1974, there will be a
symposium on the present state of the art. By that time the National Science Foundation will
have received many reports on the solar research now in progress and I hope that ASHRAE is going
to have a part in the publishing of those documents. It is we of ASHRAE who are going to be
faced with the responsibility of putting these proposals into actual use. It is going to be
ASHRAE members who will sell them, FSHRAE members who will install them, and ASHRAE members who
will make them work.

[ am in favor of ASHRAE participating in the setting of standards for soiar components, .
and this is one of the projects which TC 6.7 on Solar Energy Utilization has agreed to sponsor.

We feel that, just as there are ARl ratings which mean a great deal to the purchasers of refri-
gerating and cooling equipment, So must ASHRAE set up standards which will be significant to
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those who are going to buy solar equipment.

Ten years ago, Austin Whillier, who was one of the contributors to the ASHRAE monograph
on solar energy utilization, publisiied a tentative standard method of testing solar collectors
(Whillier, 1961). 1 have suggested to James Hill and his conmittee from the National Bureau
of Standards that they review what Austin Whillier proposed at the Rome meeting back in 1961.

We need a standard means of testing solar collectors so that when we begin testing them we can
all do it in the same way and know that the results will be comparable.

One new thing which ASHRAE has undertaken (this again is a TC 6.7 activity) is the monitoring
of research projects which NSF rather than ASHRAE is financing. We all know of the major work
which ASHRAE has done with its own funds, but this year for the first time, we have been asked
to participste in research programs financed by the National Science Foundation by supplying
technically qualified monitors. Thev will help to evaluate proposals for future programs, and
to help the sponsors of those programs look after the technical content and make sure that their
quality is up to ASHRAE levels.

Iy own feeling is that the commercialization aspect of solar energy utilization will be
expedited by having ASHRAE make sure by every means at itS command that the quality of the products
sold in the solar energy business will be high. There are many companies which are jumsing into
this field because they think there is a quick dollar to be made, and I can't think of anything
more disastrous than for low quality material to be sold, for the customers to be disappuinted
and for the results to be poor. Then we would be right back where we were 13 years ago when
solar energy first gained prominence very prematurely with a great hullabaloo.

The best thing that has happened to us is the shutting off of the cheap oil supply from
the Middle East because when o0il has gone up from $2.42/barrel to $24/barrel the economics of
solar energy have changed quite radically.

tay 1 ask a question before I sit down. What are the alternative sources of energy which
tne home builders of the future are going to have to look forward to?
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Session I. Technology Implementation - Tabor

QUESTION: What are the specific technical needs for the earliest commercialization of solar
air conditioning?
Response by

Harry Tabor

The Scientific Research Foundation Jerusalem, Israel

them with the problems that we have heard discussed just now on how you market solar energy

and get it accepted I think the techknical problems are trivial. In fact I must confess that

I am waiting until tne end of this workshop in order to be convinced, and I know this is heresy,
that there is a future for solar cooling at all. The reasons are not difficult to see. Probably
the problems of technical acceptance and marketing and the fact that you have got to compete

with much easier and more convenient systems.

There is no uniformity 1n the problem that faces us. Someone has mentioned that the accep-
tability will probably be first in public buildings and commercial buildings and then in resi-
dences. I think as far as the persons who are looking at the technical problems are concerned,
these are completely different problems. To give just one example, it is a lot easier to build
a 100 ton absorption machine than it is to build a 2 ton absorption machine. It is easier and
the price is much Tower, and the result is that I have no idea how you are ever going to build
a small apsorption machine which will work from solar energy. I mean it can be done on paper,

|
|
A11 T can say is that there are a lot of technical problems ahead of us, but when I compare
)
|

but the question is whether you can get into the business of producing them and selling them.

| When I mentioned earlier some hesitation about whether solar cooling in that sense was
really feasible, I was thinking of the fact that maybe it would be easier to produce mechanical
or electrical energy from the sun, and drive a conventional refrigerator unit. Though this also
sounds like a kind of heresy, for the solar engineer it may be a more feasible proposition.

I will just mention a few technical numbers to get our thinking right. If you take, for
example, a conventional cooling machine with a coefficient of performance of say four and you
want four kilowatt hours of cooling you have to put one kilowatt hour in. If you take an absorp-
tion machine and you work very hard and you get a coefficient of performance of 0.6, and you
operate it from a collector with an efficiency of about 40% (I wish I could say 50% but I can
not with what we know today-not at the temperatures that people are talking about), that is an
overall coefficient of performance of about a quarter. It means that you need 16 kilowatt hours
of input heat from the sun to produce four kiiowati nours OF cooiing. If you nad an electrical
conversion system, of 6" efficiency, it would be easier to make electricity and drive a conven-
tional compressor unit than it would be to go through an absorption cycle.

Now, I am not saying that 6% for an electrical generation system is easy either. And I
am not even discussing the question of price because we know how expensive these systems are,
but it does show very clearly that the coupling of the solar collectors to an absorption machine
is at present an extremely difficult process. So that if you really want to work on absorption .
machines the technical problems are: can you make a solar collector that will operate at a
relatively high temperature? And more important can you make it cheaply? Now this is a very
serious question because it is fairly easy now you've got the ASHRAE book which tells you
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how to build a collector and how to determine its efficiency. If you want to put enough money
into it, you can bui1ld a very good collector and get whatever temperatures you want at reasonable
efficiencies. It just becomes very expensive. It has got a lot of materials in it: either

glass or honeycomb or special surfaces or mirrors or something else. When you put it all together,
it is a lot of money.

At the meeting sponsored January 21, 1974 by the Scientists Committee for Public Information
(SCPI) at the U.N. in New York people were talking about having to proauce collectors for
$2.50/sq. ft. We know the price of materials is going up just as the price of fuel is going
up, { ortunately not at the same rate). It becomes a terifying problem to see how you are going
to make any sort of solar collector for $2.50/sq. ft. [ think that probably after the workshop
some numbers will come which will tell you very comfortingly that you can spend a lot more than
' $2.50/sq. ft. So the problem of getting the temperature up is one which people Tooking at solar

colle_.tors will have to think of. [ am very worried here because the number of ideas that have
bean sketched on paper on how to build the solar collectors is so large, that it is quite hard
to think that somebody is going to think of another one that has not already been sketched at
some time. I do not close the door to a breakthrough here but I must confess that it lools
very anificult.

iow as far as the absorption machine is concerned, there are of course basic thermodynamic
limitations. Everybody knows that if you want to have a certain depression of the temperature,
then the elevation that you need on the input side has got to be larger than the amount of
depression you want. If you allow for the losses in the various heat exchangers it is probably
between 1 1/2 times and twice as great so if you put in the numbers of what your condensing
temoe  ature is and what temperatures you want to get, then you will realize that you have to
have 1nput temperatures of around 200 degrees F. [If somebody says well I will make yo. one
that works at 150 degrees F, you will have to remind him that there was a man called Carnot,
and he made a lot of trouble in this field.

One thing I can say is this, and it has cropped up in work at various times that has been
done particularly on domestic refrigerators. In commercial absorption machines, the ctefficient
of performance is poor. And the reason is very simply that the munufacturer has skimped on
the heat exchangers because he has to design to a price and he has ignored entirely the question
of the cost of the energy. In fact, we have a rather tragic story in the early days of my own
country waere people decided to build domestic absorption refrigerators because they did not

want the trouble of the maintenance of mechanical ones (mechanical ones are now very reliable,
but at that time they were not). Also they thought that in the various parts of the country
there would be no electricity so they made atsorption machines that work with kerosene. Then
since nobody wanted to work with kerosene they proceeded to heat them with electricity. The
bills were so high that the electric company rad to introduce a special rate to comp.nsate the
people, otherwise they couldn't operate the refrigerator at all. What I'm trying tc stress

’ is that I do not think one has to take the figures for coefficient of performance of .bsorption

machines as they are today. If the manufacturer knew that there was a different method for

calculating the cost and it would pay to put more money into the design of the machine and into

the recouping of energy in the cycle, then the coefficient of performance could be improved

and the operating temperature pulled down a little bit. I think that this is where there is

room for technical advance.
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The third place where I think technical advance is needed, {there may be some people who
disagree here) is on the question of storage. It is true that cooling is unlike the solar heating
problem, where you have a disagreement between the supply of energy and the requirement. In
the case of the cooling, you tend to have more sunshine at the time you need it most. And so
some people might argue that you do not need any energy storage. Personnally, I think that
energy storage is absolutely vital. If you draw the picture of the peak solar energy and then
consider the fact that the collector does not respond in the early hours, and in the late hours
{because of the losses), the peak energy that you get out of any solar collector is 1imited
to a rather small number of hours of the day. When the energy level is below the operating
temperature, the thermal cycle will not work at all. It means in fact that you get a very peaky
input to the system, and it means that all the heat exchangers in the cooling wiachine have to
be several times as large as they would be if you had a storage system. We have, for example,

a simple grapn describing the case obtained for a solar power unit to produce one horsepower
continuously to compete with a one horsepower gasoline engine. You have to design it for some-
thing 1ike 6 horsepower peak. That means everything is bigger and the efficiencies at the low
values are poorer and all the parts are larger, and it is more expensive., Thus I believe that
one of the things that has been glossed over and has to be considered most seriously, is the
question of energy storage.

[ would 1ike to say that this is not a very easy nut to crack. It sounds easy and at the
moment the best appricach appears to be either water or a rock pile. Much work has been done
on heats of fusion. A Tot of tribulations have been suffered in this field and cne of the
discouraging facts is that some years ago a paper was written by Goldstein (1961) who was on
my staff for a short time, who showed that on physical-chemical grounds, there wasn't much chance
of finding a new material that was substantially better than existing materials. We have to
be prepared for the fact that we are limited more or le.s to what we know today and the thing
to do is to improve the packaging and try to find cheaper materials. But to get actually bigger
numbers would be very difficult. So in summary I would say that the technical problems are the
performance of the collector at a given price, the redesign of absorption machines if we decide
to use the absorption system {of which I am not convinced at this stage) and iuprovements in
storage facilities.
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Cession I. Technology Implementation - LOf
ADLQUACY OF PRESENT TECHNICAL PUBLICATION PRACTICES
George 0.G. Lof

Colorado State University

John Yellott has presented a good picture, with which I fully agree, on the important role
of ASHRAE in disseminating technical information on topics related to heating and cooling,
including the embrionic data we have on solar energy use. I'd like to discuss two categories
of information and the wechanisms for their distribution. One is strictly technical and the
otner is information 1n which the commercial practioner and the potential user would be interested.
I may not have included all the channels and the media, but these are the ones that come to mind
and I think are most important.

In the field of technical information dissemination, I think we are in a good situation. We
have a number of media that I'd 1ike to list. ASHRAE has a series of handbooks on fundamentals
and on applications, and John Yellott has just written a section on solar energy to go into one
of these. There 1s the very useful ASHRAE bulletin, "Low Temperature Application of Solar Energy"
(Jordan, 1967), which I regard as a bible of practice insofar as we now know it. There are
also the ASHRAE journals in which current technical information is published.

A second medium is the journal, Solar Energy, a quarterly published by the International
Solar Energy Society.* This is an excellent publication for the dissemination of technical
information on solar energy, and I commend it to you. For $20 a year you can become a member of
the International Solar Energy Society (ISES) and you then receive this journal plus the announce-
ments of meetings and the other prestige values in belonging to this prestigeous organization.

Thirdly, we have the solar energy division of the American Society of Mechanical Engineers,
which has an annual meeting at which technical papers are presented. Suitable papers are then
published in the various journals of the ASME. Finally, there are the technical reports that
the National Science Founcation has available on the resuits of the research projects which they
support.

Foreign publications are important even though we don't use those as media for our research
results; they are useful to see what's going on in other countries. Heliotechnology ("Gelioteknika")
is tue Russian solar journal; the English translation is published by the Faraday Press in New
Yorkh. 3his high quality journal is published six time: a year. The Proceedings of the Mediter-
anean Solar Energy Society, known as COMPLES, are published once a year.

For the commercial practioner and the potential user, publications are very limited. The
ASIIIAE guides and handbooks are useful for the air conditioning engineer, and I think they'1l
become increasingly useful as the standardization of solar energy equipment, particularly solar
cooling units, develops. Several newsletters are published. The ISES publishes a newsletter.
There are several others - The Solar Erergy Digest (SED) and High Country News, are representative.
There are the architectural journals with occasional articles on solar heating and cooling.

. Films by commercial producers, newspapers, and popular books are also available. These media
unfortunately do not have the objectivity that the technical literature does. It's natural

*Addresses of all organizations cited are listed at the end of this article.
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for a newspaper reporter to write up what comes to his attention and his principal objective

is usually something that is interesting. Technical reliability appears to be secondary to news
value and the potential user may obtain false impressions. le need a better mechanism for getting
sound information on new developments to the practioners and potential users.

Along this line, I would like to close with a suggestion. Perhaps the NSF should consider
publication of a -emi-technical journal, oriented specifically to the practioner, the architect,
the heating and ventilating engiaeer, the centracecor, and the developer, by extracting from the
wealth of research and development results from the projects which it sponsors. There are some
precedents for this. Tre Office of Saline ilater (U.S. Cept. of the Interior) has published a
Jjournal known as Distillation Digest. It is a publication of this type, perhaps a little more
technical than I'm thinking about in respect to solar energy. Reliable information, written from
a very practical slant, could thus be provided to the practitioner. In thec dissemination of
technical information, we have adequate means, but we need to improve the supply of informatioa
to the commercial market.




Addresses of Organizations Mentioned

ASHRAE
345 E. 47th Street
New York, N.Y. 10017

COMPLES
Secretariat du COMPLES

Laboratoire d'Electricite et d'Heliotechnique
Faculte des Sciences, Annexe de St. Jerome

13 - Marseille 13 e
France

Applied Solar Energy (Gelioteknika)
The Faraday Press, Inc.

84 Fifth Avenue

tew York, N.Y. 10011

Solar Energy Digest
P.0. fox 17776

San Diego, California 92117

National Science Foundation

ASME

345 E. 47th Street

Hew York, N.Y.

Attention: Mr. George James, Information Specialist

Advanced Energy Research and Tzchnolcgy

1800 G. Street N.M.
Washington, D.C. 20550

International Solar Energy Society
U.S. Section Headquarters

c/o Dr. ¥W. H. Klein

Smithsonian Radiation Biology Lab.
12441 Parklawn Dr.

Rockville, Md. 20852

Office of Saline Yater
U.S. Dept. of the Interior
Washington, D.C.
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Sesszion I. Technology Implementation -~ Brownstein

NUESTION: Are there changes required and so identify, in existing codes, evaluation and approval
processes that would be required to install soiar cooling in buildings?

Response by
Edward Brownstein

City of Los Angeles

Generally our code deals with health and safety. What has health got to do with a solar
heating system? What has safety got to do with the soiar heating system? Our present codes
probably cover these things in general but in particular they don't. A solar heating system
is merely an energy source.

Now we could go ir;o the particular codes. For instance there is a building code. Now the
primary effect on the building code would be, what is the weight of a solar heating system? The
building code demands that you design the structure to support it; there is no problem there.

Next thing I have on my 1list is a boiler code. Ultimately of course we may get to st:am solar
systems. From the stand point of usefulness perhaps they'd be better, and if you get into steam
pressure vessels we'd have to comply with the boiler code, but there is a boiler code existing

and I don't see anything really special about a solar system. An interesting gsint about the
Boiler Code in the city of Los Angeles as it is written now, is we take the state labor code which
says that if you're in a place of employment, you've got to follow the Boiler Code. If you're

in a single family dwelling, you can make things any way you please. The next thing we get into
is the plumbing code. Within the jurisdiction of the plumbing code you might for a maximum effi-
ciency take the pipes up on the rvof, and let the sun bake the pipes, and run the water directly
to your storage vessel. In this case the plumbing code would have a few requirements. It would
say the wall thickness has to be such and such for copper tubing. Now probably you would want

to use thin wall copper tubing and we would probably need a special approval on it, but I anti-
cipate that the manufacturer could get one. Another thing is that vou would need some kind of
safety valve or energy cut off on your boiler because conceivably you could over-heat it and blow
the building up. There is also the possibility of back flow protection on a system where you're
using treated water. This is in the present code, so there shouldn't be any substantial problem.
As far as heating codes are concerned, there is really nothing covered too thoroughly. We probably
would call the piping from the solar unit "brine piping," but all the heating code says is you
have to take a hundred pound pressure. So you get some good strong bamboo and you're all set.
This is leading up to something pretty soon. The electrical code says you put in UL approved
components and you put in the conduit which is required and so on, and you can put in a nice solar
unit with probably no special approvals anywhere: you just go ahead and put one in. Okay, now

we have all high class engineers and we've all designed systems perfectly, and installed them
perfectly with reputable contractors aad so on, and we never have to have z code on solar heating.

Now we leave the dream worid and we get down to the competitive world. Okay, so the first
thing we've got, they discovered they can use an extra thin, an extra chintzy material. Then
they find out they have to get on this roof to jet to the equipment and they put the squipment
on a 90 degree angle and nobody can get to it. Sc no doubt after the first repairman falls
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off or gets injured, they'll say you must have a permanent ladder to the equipment with a cat
walk and so on., linw you'll get this suoer efficient unit which gets real hot. They'll say will
it burn up the roof? Sog .er or later we may have a fire. Once we have a fire, we'll get all

hot to say, well you have to have a certain clearance from the roof, or something. These are
two things I can think of. There are not an awful lot of things that would be likely to happen.

Then the energy bugs are going to get after us, and they're going to say, you inspectors
have nothing tc do, why don't you set up standards for efficiency? HNow right now we have some
efficiency standards; AGn < efficiency standards, UL has safety standards. We only enforce
the safety standards of AGA, we don't enforce the efficiency standards. The pendulum did swing
towards no regulation and don't worry about the consumer. MNow it is swinging to worry about the
consumer and worry about efficiency. When the pendulum gets to a certain poin‘. they'l1 say,
let's adopt standards which ssy the solar unit nas to be at least 40% efficient or 60% efficient,
and has to be constructed of such aid such "good" materials. When this happens, they'11 adopt
a standard and somebody will start approving them and say you have to meet the ASHRAE standard
or somebody's standard, Right now we don't have it, but it's possible that we will have it
someday, and maybe someday the pipes on your roof might leak and will get water on the ceiling
of a politician’s house and he'll say let's have a law that says you have to use such and such
a protective device.

There are a lot of these things iirai may never happen, or may happen. Like I say, we don't
particularly want to have senseless regulations. Until they're forced oin us, we probably won't
have therm. The codes presently are probably open envugh c9 that you can put in a solar heating
system just a:. they are, but I can see, ultimately, various problems develop. They'1] probably
adopt codes which will help protect the owner against the law of supplv and demand, since the
contractors and manufacturers will bid against each other and the only way to get the job is
to make it cheaper and the only way to protect the consumer is to have standards. So ultimately,
we'll have standards, and probably we'll have codes. The answer now of course is there are almost
no restrictions. The answer ultimately will be that there will be certain restrictions which
all will be sensible (I hope), and I think this will answer the present questions.
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Session I. Technology Implementation - Falick

QUESTION: \hat role can major urban communities play in the implementation of Jdiffusion of solar
technology?
Response by

Abraham J. Falick

City of Los Anneles

The rost intense discussions of solar energy have been taking place between the Planning *
Departrment and the Science and Technology Office of the Hayor's office, where we have some very
good aerospace engineers. As you know aerospace hac heen involved in solar energy for a long
time. Iy particular interest lies 1n two areas. That is, in housing and economic development.

And of course, the city has its particular interests in the reduction of fuel consumption. We've
gotten very good publicity on our paying $24./barrel for oil from Peru, I hope we don't have

to do many more purchases of that type. We'd iike to reduce our fossil fuel consumption as well
as the pollution that comes from the foscil fuels. Now one of the figures we hear is that 15

to 20" of our energy can come from solar energy by 1990. That sounds like a very interesting
90al for us. e happen to have a built-in mechanism to work with. HWe have the largest munici-
pally owned public utility in the United States, the Los Angeles Department of Water and Power,
and ve anticipate working with them. e have a mayor who is noted for taking a leadership role,
and we expect that we will be taking a leadership role in this area as well. We look at this

as I said from the housing and from the economic development end. How we know, at least we sus-
pect, that we're not going to be putting solar energy into our housing - certainly our single
family housing units as yet, and we look at it as starting from the top down. We will be starting
with public buildings, using them as our solar test oed, to the extent possible, and working our
way down to commercial buildings and apartment buildings, and eventually the single family home.

How, I should point out that Los Angeles is a fairly large area. Ye have 464 square miles
in the city and we have about a million housing uniis. Over 50% of the existing housing is single
family, but as of last year over wy. of the housing units that were built here were multiple units,
apartments and conaominiums, \le look to the apartment house in the housing field as being the
natural way for us to go as far as experimenting and we anticipate the city should take some
'eadershi1p role in the experimentation. e feel that we 2lo lLave great pool of technical talent
in the Los Angeles area which has some solar energy experience. We feel this is an employment
booster and since we've been losing a lot of jobs, we Jjust don't want to go down that path without
giving it a try in the solar energy field.

e do anticipate plenty of problems, Many of them have been discussed here this evening.

The institutional problems, the political, social economic, the aesthetic problems. We don't
intend to minimize them and as an economist, I*m accustomed to putting dollar signs on a lot of

our problenms, so that will be part of my job to see where these costs are coming in, and also

to propose ways of stimulating people to use solar energy by providing some tyne of incentives

in a form of tax rebates or by simply avoiding the tax on a solar energy unit as i%'s put on .
the house. The property tax addition could be a disincentive to put one on. There might be

typical steps to take if we are committed to the policy of encouraging the use of solar energy

and as 1 say, I'm not speaking for official policy of the city as yet. This is the type of
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talk which is still staff discussion; it can't be labeled as the official policy of the city.
A1l [ can say is that we're as interested as any city can be.

The city of Santa Clara, northern California, has gotten the jump on us. They are putting
in a solar energy unit as a basic component for water heating in one of their large public build-
ings, with the cooperation of Lockheed. Ve feel that this is in the direction of which the city
of Los Angeles siiould qo as well, and this is the kind of recommendation that we as internal staff

people are making. \le feel the city and other large cities should take a leadershiio role in this
field.
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session I, Technology lmplementation - Shoen
Diffusion Panel Wrap Up £1
Richard Schoen

UCLA

The list of questions put to the Panel by Sydney Sternberg was preceded with the folluwing

context statement:
"The distance between the essentially engineering/research proto-
type now existing in solar technology and the advent of commercial,
off-the shelf-systems is as at least as long and risky as it is
exciting.  The purpose of this panel has been to discuss at least '
some of the questions which will have to be answered along the way."

I believe that it's important for all of us working in this field to realize the extent
of that distance, and the kinds of steps which must occur along the way. More important, the
media and the public should understand that distance. Ye often hear the phrase; "sola energy
is an idea who's time has come." About four years ago the pinase was put a bit differently.
Then, it was, "industrialized housing is an idea who's time nad come." Nowadays it is said,
"industrialized housing is an idea who's time has come and gone . "

Solar technology does not necessarily present an analogous situation, Lut unless the public
is fully appraised of the difficulties involved...of the risks associated with commercializing
a technology in the U.S. Construction Industry, solar energy could face a similar situation.
There is reason to be concerned that public disillusionment could set in if promises are made
for this tecimology which are unrealistic in terms of performance, real costs, time to market
penetration, etc. Hopefully we will see and perhaps participate in the development of solar
technology as a viable commercial industry; as a healthy, reasonable process, and that systems
are not introduced to the market which fail to live up to promises which they cannot meet from
the very beginning. We heard of some of the required steps to achieve that objactive in the
responses of the panel this evening. We heard them first in terms first of the manufacturer-
marketing questions, and it became clear that industry more and more is concerned about being
assured of a market because the kinds of requirements of the market in terms of product relia-
bility are becoming essential questions. There are discreet steps in making that decision but
most of all it's an expensive decision to i.ake. Even within the industrial cormunity that will
make thuse decisions, there are different world views of how it will occur, depending on whether

you're a marketing man or an engineer.

It's complicated even more in terms of conmunication by having to deal with what is the
real or at least short term market. I'm referring to the designer specifier. He needs to be
assured of a whole host of basic practical questions before he's going to take the professional
risk associated with specifying a new system. And those of us who are in professional practice 3
know what professional risk implies. In the end though, it remains the initial short term con-
sumer who must be convinced and with whom we must also communicate. In the residential market
of the builder developer and his subcontractor, we architects may be involved in the design ‘
process but mechanical engineers are not involved as often as they should be. In the commercial,
institutional, and industriul markets, it is the engineer and the architect as materials, systems,
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and equipment designers and specifiers who must be communicated to. In the past that has been
a rather serial process. However, J think the day is fast coming when the architect will no
longer be able to develop his conceptual scheme and then give it the engineer to figure out "how
to hold it up and how to heat and cool it." If we're talking about energy conserving design
and implementation of new ener y technologies, we're going to have to start talking about real
team processes. That means architects have to go a long way towards understanding what ngi-
neering is about, and quite frankly, the engineer has got to come a good distance in the opposite
direction. But then both-of those people as well as the builder developer, the engineer architect
specifying team and the building owner in commercial ventures - must all be convinced that the
final user {in a case of housing, the home buyer or renter; in case of commercial buildings,
the building user) is indeed interested and believes in this technology. It eventually comes

' down to the point where perhaps the final user must be well understood because in the end he
is the market generator and his value systems are going to be paramount in the decision as to
whether or not market penetration is actually achieved.

Associated with these perceptions by the intermediate and final users are not only economic
questions, but institutional questions, and social questions as well. As an example of the latter
we zve in an age now of community resistance to almost all forms of development, after the Living-
ston and Blaing report which recommended that the City of Palo Alto put a major segment of its
footnill land into park land rather than allowing development, as a cost attractive measure.
Various kinds of approval resistances against land development and construction, have sprung
up in almost every comunity in the land. In addition we have environmental impact statements
and the California Coastline Conmission, the difficult tut serious child of the Proposi tion 20,
the coastline initiative. 4hat kinds of impact does that have on the intermediate and final
consumer in terms of their willingness to utilize new, resource conserving technologies in order
to allow some form of development to procede? This question we've asked and yet have not been
able to answer. What then is the "market impact of environmental impact” on potential penetration
of solar hardware systems and devices for buildings?

There is one useful tool in the process of commercialization which if it's done properly
can begin to address many of these issues: that is the demonstration project. I think it's
very clear from what we've heard tonight that the demonstration project has got to be viable
in industry terms. e're not talking about a model hore here, we're not talking about a "House
of the Future." le're talking about demonstrations which perhaps are regionally based to reflect
the regional character of the industry; which utilize all of the key actors in the process: the
subs that would be normally working at that level, the engineer, the architect who would be
involved, and the builder developer. Demonstration need not necessarily be big or splashy,
on a nationai scale. They do have to be viable in a given market and for a certain building
type. Then industry communications mechanisms which exist can be used to get the results out,
and the results have got to be honest. The differences between a demonstration project and a

. marketing effort have to be recognized. I'm not saying a marketing effort is dishonest, but
in this case if you're tryirq to make industry participants aware of this new technology in all
of its ramifications; if you're trying to achieve what we've been calling the diffusion of com-
\ mercial readiness, then the key actors we've been discussing have got to be given the full story,
- the actual results of a demonstration project at whatever level of success. The industry
environment is continually changing; fuel costs are continuing to rise. If the demonstration
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proves a particular version of solar technology is not economically competitive now, admit it.

It should be fully disclosed. In a short time it may be. But if the facts have not been properly
set out, industry disillusionment may stand in the way of widespread acceptance at a later date
when that acceptance would be otherwise possible.

In these efforts it has also been made clear that we need the help of not only industry
corporations as individual participants Lut in terms of their associations, as well. The latter
are certainly viable communications mechanisms and of course one of the most important is ASHRAE
itself. As John Yellott has indicated, ASHRAE has "been there before" with pricr experience
in technological innovation for the housing and elsewhere in the construction industry which
have since become standard practice, ASHRAE has played a significant role in the past and I think
it's more than fair to assume and insist that ASHRAE have a role at this point. There are other
associations too, such as the American Institute of Architects and other related professional
cormunities. ’

This evening we have also seen some of the other problems confronting rapid commercialization
of solar technologies. There is the issue of local codes. HNot only in a given locale but in
terms of the many different code bodies which exist in various marketing areas within which a
national manufacturer might care to market. HMany times the various codes have differring approval
processes. Work is being done on code reform. A good Lit of it on state level, ASHRAE has been
involved in these efforts.

Ye have seen that there is interest in the technology at a community level, in terms of
creating iocal demonstration projects. In this case, however, it would be in the institutional
building market - publically owned city buildings which is quite a different situation than
the commercial market of residential structures or oftice buildings. [ think when those demon-
stratiors are created, it should be made clear that it is one thing to build a building for the
city; it's another thing to build in terms of risk associated with development in sales of a
project.

George Lof pointed out a number of the industry cormunications media which are available.
Unfortunately, it may be fair to say that a good part of the industry does not read the research
literature. In fact there are a number of so called consultants, knuwn as "real estate research

corporations," which you all know about, who earn their keep by maintaining a lead time of six
months to a year on new developments which may impact the industry and who translate technical
information into industry terms-that is, in the things that involve industry concerns on a day

to day basis. I believe that we should impact not only the research journals, and the p.rofessional
engineering and design journals but magazines like Professional Builder, House and Home, AIA
Journal, Architecture Record. Here again, we must describe the technology not only i1 a straight-
forward manner but in terms that are of interest to that readership and their daily concerns.

He must demonstrate the implications on building design of solar cooling systems,-graphically,

and with charts and data.

There are other issues which have not been represented here, in this evening's panel which
will have considerable impact upon the rate of commercial diffusicn of solar technology. For
instance, a member of the skilled trades should have been on this panel. We tried, but did not
have enough time to line up that person. I'm sure you realize that the skilled unions have
everything to do with the way this technology will or will not be implemented. It's probably
safe to say for solar thermal systems there will not be abnormal kinds of trade jurisdictional
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arrangenents required other than that are set up with existing industry elements on a regular
basis. However, solar photovoltaics involving perhaps a combine’ collector generating elec-

tricity and producing hot water, then the plumber and electrician nay end up eying the same
unit.
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ssion I, Technology Inmplermentation - Weingart

i

DIFFUSION PANEL WRAP-UP =2
Jerome lleingart

Caltech EOL*

This particular session has been so dense with interesting information that I think it's
hard to give a complete sunmary. What I'11 do is touch on major points that came out. I'm
excited from a personal point of view about this session, because Dick Schoen, Al Hirshberg,
Marx Ayres and I have just finished a study for the Energy Policy Project concerned with
institutional problems of implementing new energy technologies, including solar, in the con-
struction industry. ‘e now have new data and comments to add. One of the problems of doing
a study like this is that events seem to have overtaken the research. With regard to insti-
tutional issues, I'd 1ike to add two to the ones discussed and then put all of these in tue
context of a review.

Contrary to what some people have thought in the past, solar enerqy applications, at least
on a very large scale, are not free of environmental impact. We have not discussed this issue
tonight. I think it's fair to mention that in considering a very large scale industry, perhaos
a multi- billion dollar a year solar energy industry by the mid-eighties, we would certainly
have to look at the total environmental impact of getting all the material resources out of the
ground, whether in this country or elsewhere, and the impact of extracting, smelting, transpor-
ting and using all of these materials, and the associated energy and capital requirements. The
environmental consequences of a large scale industry will have to be examined. Under NSF spon-
sorship such a preliminary techno’ogy assessment is being conducted at the Arthur D. Little
Corporation.

A second issue not discussed tonight has been researched by Dan Dawes of the UCLA law
school. That's the guestion of urban sun rights. I received a call just today from somebody
who's interested in putting up a large office building in Pasadena and they want to cover the
south wall with collectors. Aside from all of the unsolved and undefined technical problems
associated with south wall collectors on a large building, I had to raise the question: “what
is the land directly to the south presently zoned for?" It turns out that other high rise build-
ings could go up and the legal status of a person witn collectors who gets his sun shut off
three years later by another building, has not been well defined in the United States. I won't
bore you witi the charming details of English Common vaw; they are not adequate to define this
area of interest in the United States. For those of you who are interested there w11 be in
the UCLA Law Review, a very comprehensive article by Dan Dawes, who did this study while part
time staff member at the Environmental Quality Laboratory.

Let me now mention a few of the what I see as major points that came up tonight.

One of the first is that the total costs of going to market with a new high techno’ogy pro-
duct are large. A study Jone about ten years ago by the Department of Commerce indicated that
the total costs of going to market; the establishment of production facilities, marketing opera-
tions, distribution systems, (or tapping into the existing ones), training of personnel and so

*Currently Visiting Research Scholar, International Institute for Applied Systems Analysis;
Laxenburg, Austria and Associate of the Center for Policy Process; Washington, D.C.
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forth, run anywhere from five to ten times the cost of the technological development of the
product itself. For these reasons, the commercialization of this product will require that
the committments of industry are going to have to bervery large. e heard tonight that going
to market with a solar cooling system as a total industrial activity could be in the range of
ten to twenty mi1lion dollars; perhaps more. That means that before major industry is going
to commit, there must be a great deal of ground work in prototype hardware development and
demonstrations on real buildings, built by the trades under widely accepted practice, along
with verification of the performance of solar systems.

A second point that came up is that although one can immediately design and build total
HVAC systems with available, industry acceptable solar collectors, such systems are likely to
be more efficient and perhaps more cost effective, if modified versions of related equipment
such as absorption chillers are also developed. Thus, there are implications for the development
of additional components of the HVAC system. A point that Bill Fleming made, and others alluded
to, is that there is a great need to do both the technical development, and market analysis and
research, simultaneously and interactively. For example, two different designs of a solar collec-
tor may perform identically under laboratory conditions... even under prototype building condi-
tions, but if one of them requires three times as much plumbing as another, with copper pipe
installed at $1./ft. and insulation at another $1./ft, the economics of the actual installed
system may look very different, even though the performance and the cost per square foot of the
collectors themselves may appear essentially identical. By looking carefully at the nature of
different markets, the technology can be designed to be economically optimum and performance-
eptimum before it goes to market. It's very important that, in this sense,engineering and market
analysis be done together. I'm told that even in some large companies, the engineering and
marketing people often don't communicate well with each other. In the area of solar energy
applications such communication is going to be critical.

A third point that came out several times is that in order for this technology to be widely
used, it's not enough to have a suitable product and engineering data. That data must be put
together in the form of handbooks or, as they are often called, "cookbooks", which can be used
by the practicina/contracting/specifying/industry. It's unlikely that the solar energy industry
will change the whole construction industry; rather the technologies must fit into existing
practices and approaches to the design and construction of buildings or the rate of acceptance
of solar hardware is going to be considerably less than it might otherwise be.

It was indicated that the utilities have a key role to play because in the diffusion of
selar energy systems on a very large scale, we're certainly talking about (at least for building
applications), solar technologies as fuel savers. In that case we're always hooked to a utility
grid. Certainly the utilities are going to be concerned about the impact of a large number of
small energy producing systems on individual buildings on the toxdl ope ‘ation of their system.

Finally, although this certainly is not the end of all the things we might say, I think
it was quite heartening to see that ASHRAE will be taking an agressive role in providing an
information link between R & D in the field, in the field and the industry which is going to
be using the hardware. This is a crucial link and I'm delighted this will be happening. In
summary, this is one of the very few times that this kind of assembly, people representing indus-
try, utilities and other in the real world of applications, have come together to provide coherent
expositions of various problems and approaches that have to be addressed in the large scale commer-
cialization of solar energy conversicn systems. I think it's been very useful for all of us.
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Session I. Technology Implementation
Commentator: Sidney Sternberg

NSF

Questions and Ansvers: pe

Sidney Sternberg: There is one question from Arnold Lesk, Motorola:

The question to be posed to utilities-the concept of a capacity plus usage formula seems to
violate the concept of energy conservation. I beljeve the charge of energy 1s larger for the
small user. Is there any other option?

Papay: I don't know if it would be a penalty for small users. Actually for most or all utili-
ties, the rate structure as designed does penalize the small user. lhen I spoke of a capacity
and a usage rate structure, I was rating that as a possib]e alternative. The point is, if you're
Tooking specifically at cooling applications with electricity as the supplemental energy form
there's a fairly good degree of coincidence between the solar energy peak and the peak demand
for air conditioning. Also you may find that capacity factors for central station generating
plants will be higher. In other words a greater portion of the load can be considered to be
base load with a smaller peaking load. Conseguently, you may find just the reverse situation
exists than that implied by the question. I'm not advocating any particular rate structure, I'm
saying that the question of rates would have to be looked at. The interaction between a solar
system and a supplemental energy system, whether it be electric or gas, will have to be looked
at. That's all.

Anonymous Questioner: Question posed to William Fleming and Jerome Scott:

Why do you assume that consumer acceptance is necessary for implementation of solar systems?
Seat belts and auto emission controls have had very low consumer acceptance but are in all new
cars. Hhy can't we implement solar energy by government regulation or excise taxes on fuel?
Can we regulate solar energy into being?

Scott: That may be done and I'11 give you an example. There's one state that currently has
before the Assembly a performance specification. AISCE; an intersociety 1iason cormittee on
the environment, on which I am the ASHRAE representative, gave its technical opinion that the
performance specification should state that if equal to or less in capital and operating costs
(including maintenance) and equal to or greater in performance ability, all public buildings
will utilize solar and cooling heating. That is one state's pending legislation, so it could
occur. However, I have a hunch that there will be a mass transit of current suppliers of other
equipment to the state Assembly and that bill will not pass.

Sternberg: There is a gentlemen who Tooks to be in desperate need of solar energy. He claims
our propane costs have doubled in two months and would 1ike to know what hardware will be
available to heat and cool mobile homes at Grass Valley a year from now and what the capital
and operating costs would be. Uould anyone care to answer that question?
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Ansuer by Sternberg: As was mentioned before, we do have a demonstration mobile home under test
at the present time. lle Jo have a preliminary small shop for making collectors. I don't think
any decision has been made yet on going into full production on this but, it's not saying that
we wouldn't undertake the thought at a later time.

Sternberg: The next question is to the National Science Foundation. In evaluating performance
of a solar cooling and/or heating system the design of the building for enerqgy conservation
will be an important consideration. Will this aspect of HSF Programs be explicitly analyzed
and reported?

Answer by Sternberg: There is a very specific program of the National Science Foundation relating
to conservation of energy. As a matter of fact, if you're interested in hearing more about

it, Bill thetmore who is the director of the office of systems integration analysis is working

on energy conservation and naturally has been granting to various organizations studies in the
energy conservation area. So if you're interested, please get in touch with Bill tlhetmore.

There is a very specific and very active program in energy conservation.

Joe Spirch, H&S Engineering: [ want to direct this to illiam Fleming about acceptance by the
people of our nation. Ten years for the general public for homes, is that a reasonable number
if we come to a very vital crisis in our energy situation?

\illiam Fleming: The ten years that I was talking about assumed the present rate of energy
consumption and 1985, 193G is where the supply deficit occurs. It also assumed that Nuclear
Power Plants would be in existence in the mid 1980's and that the oil embargo would not continue.
The actual consumer himself is not the particular party that will have to accept. The entire
marketing system must accept. The marketing system consists of the architect, the consulting
engineer and finally the investor developer; if we're talking about commercial construction.

If we're talking about residential construction, the solar system technological and market
development rust include the architect and the developer and the contractor as the market system.
Those are the people who are going to have to accept solar systems and they'll accept it only

on a profit and performance basis.

Stan Kellman, State College, Pennsylvania: This is more in the way of a comment than a question,
but I detect, first of all a note of pessimism in this audience, but I don't think ;t's all that
bad. 1I'd Tike to point out the fact that a heat operated machine like an absorption machine

is collecting solar energy from the sun, and the thing is troubling me a bit is that we're talking
in terms of products. First of all I don't think you can segregate products from systems and

you can't segregate heating from cooling, because a commercial office building system will have
an interior zone cooling loau year round, and it will have an exterior heating load and here
you've got a solar energy system say absorption or some other system, therefore, you can do the
cooling year round, and you have heat available for the heating. A1l you have to do is place
that around the building and you can do that with technology that we now have available. So

that I'm just pointing out the fact that I think we ought to think everytime in terms of a heat-
ing and cooling system, one system, and I think we can make this thing go. Finally, I'd just
like to say, as a member of ASHRAE, I'm pleased to see so much interchange of information because
we haven't had this for so iong. It's great to get NSF people and solar energy people together
to yet this technology into the literature, where it will be used by practicing and consulting
engineers. You can hear that through the audience tonight how badly they want it.
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Hellesley-Hiller, MIT:

I've noticed ayain that note of pessimism that we have blue sky optimists and grade A pessimists.
I prefer to stick with about 5. cloud cover usually, which is the national average, but today
I'd 1ike to be more on the optimist side. We have a couple of things that have struck me in

tiie discussions today. Opne is, that nearly all of the developnent has been oriented towards

not water systews. I don't hnow why. They're much less reliable. They require much rore
off-the-shelf tec.nology. The only reason I can think for it, is that they do require indus-
trialization in a big way that could be taken care of by large firms. It seems to me that if

we are going to get a lot of solar energy used quickly, then we need to design for the people
who iiake buildings. In tnat sense, hot air systems which use no new technology, not already
available, and which can use thie normal materials, available from building materials outlets
that are already there all makes far more sense for low rise buildings. Hot woter systems start ?
to make sense when you go above one or two stories because the hot air systems are limited by
the noise wnen you're using high air rates on the one hand and limited by the size of the
ducts on tie other. 1 wonder why there hasn't been more emphasis on that. Also the same remark
applies to an approach that's been demonstrated this evening at least to solar cooling. I do
not think we have gotten to absorption cycles as yet in this workshop but I've heard that there
are no discussion of anything else except absorption cycles when we're talking about technology
and implementation.

Newton: 1 think it's fair to say that in the comments that I made at least as a cost of getting
into business, I wasn't thinking of any one system the same remarks woull apply if you're going
to develop special equipment whether it's an absorption system which may have some real advan-
tages or a Rankine cycle. I don't think we're specifically saying that it had to be a water
systen.. There are air systems. e probably will hear more about them as we go further with

the program.

Sternberg: One thing also that wasn't mentioned that might reply to that question is heat pump
systems. They're in exisience today, and they can be applied to a solar collector very easily.
Well, I'd like to end on the note of optimism which you offered us. It's going to be a hard
row to hoe before we get there, but I think we have the people, the interest and the technology
to make it. I would like to thank on behalf of HSF the ASHRAE organization for making this
meeting possible and allowing us to get together with your organization. I would like to per-
sonally thank tihe panel members for their thoughtful and thought provoling remarks and I would
like you the audience to acknowledge that at this time. The meeting is adjourned.
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Session Il. Absorption and Heat Pump Systems - Los
THE COLORADO STATE uNIVERSITY SOLAR HEATED AND COOLED HOUSE
George 0.G. Lof

Colorado State University

Introduction

I'd first 1ike to mention the general structure of our project. This is a joint effort
between a number of people and several institutions. This work first involves my colleagues v
at Colorado State University: Dan Hard, Charles Smith, John Hard, and several araduate students.
The University of Wisconsin is a partner in the project. The main input from that institution,
with Jack Duffie and Bill Beckman, is the mathematical modeling of the house and the heating
and cooling system, directed toward obtaining an optimum design, and later in comparing the
predicted performance with the actual performance. Honeywell is a partner in the project with
the supply of the control system and the engineering of the contrils, with Lorne Nelson, Roger
Schmidt and Dave Sutton. The architects for the house, Crowther, Cruse, McYilliams, are respon-
sible for design of the building. Integration of the heating and cooling system with the house
design is essential, and they are also associated in that capacity. Various manufacturers cooper-
ating through the supply of products are: Arkla Industries, Johns Manville, 0lin Industries
and others. The entire project is sponsored by the National Science Foundation (NSF-RANN).
Solar Heating and Cooling Cooling Costs

If solar heating and cooling costs could not be expected to become competitive, a prcject
of this sort would be largely an academic exercise. So I'd like to present a summary of an
economic study that was done by Dick Tybout and myself showing the position of solar heating
and cooling insofar as costs are concerned. This project involved computer modeling, of weather
data from a number of places in the U.S., evaluation on an hour by hour basis of the amount of
heat which the solar system provided to the heating load and cooling load (cooling via a lithium
bromide absorption machine), evaluation of the amount of auxiliary fuel needed, trials of a
number of designs in each place, and a seeking of the design which produced least cost solar
heat.

This analysis requires assumptions of the capital costs of the system. We chose $4./sq.
ft. as a near tem collector cost, and then we added reasonably firm capital costs of storage
tanks, control systems, and auxiliary units. e also chose $2./sq. ft as a collector cost as
representing a “down-the-road" possibility. This $2./sq. ft. figure would require a design
which would permit trading off some of the collertor costs with savings which could be achieved
by eliminating a part of the roof cost. The $4 and $2 costs are debatable, but the numbers I'm
going to show are based on a $2./sq. ft. assumed collector cost with a 20 year amortization at

% interest. We chose eight cities and obtained from the National Weather Records Center, hourly

values of dry bulb and wet bulb temperatures, solar radiation, solar position and wind velocity.
With those values for these cities, Santa Maria, California, Albuquerque, Phoenix, Omaha, Boston,
Charleston, South Carolina, Seattle and Miami, we programmed the data with mcdels representing v
the performance of the solar collector and solar storage system, and on an hourly basis computed
the amounts of solar energy supplied and the amount of auxiliary supplied with the parameters
used in the design. Two house Ssizes, a 15 thousand BTU per degree day house and a 25 thousand

T2

N
~
N4

ERIC

Aruitoxt provided by Eic:




BTU per degree day house (for heating), several tilts of the solar collector, several number
of glass cover plates, several collector sizes, several storage sizes, and a couple of other
minor design variables also were tested.

The solar heat recoveries were totaled on a semi monthly basis and finally on an annual
basis, for each design ir each location. A typical set of results is shown in Figure 1 for
Albujuerque in which the costs of solar heat (solar heat only, exclusive of auxiliary) is
plotted as dollars per million BTU, as a function of collector area for one of these typical
houses. HNotice the curve for heating only, applicable to a house with no soiar cooling system.
The collector size optimizes at a fairly small area, around 300 to 350 square feet. At that
point about 57% of the heating load is carried by solar energy, as indicated by the number on
the curve, at a cost of $2 per million BTU. With a larger collector, more of the heating load
can be carried by solar, but at a higher cost. This is because the larger collector is operating
at a lower load factor. For cooling only, we have another curve. The collector optimizes at
nearly 1,000 square feet, carries about 70% of the cooling load, and would do so at a cost a
little over $3 per million BTU (under these assumptions). If both solar heating and cooling are
emplo, =1, solar energy costs are reduced because the collector is being used virtually all year
round instead of in only one season, and the cost minimizes at about 600 or 700 square feet and
$1.60 - $1.70 per million BTU. For cooling, a $1,000 penalty was assessed against the system
for the additional costs ~ a three ton absorption cooler over a compression cooler. Again,
these numbers are based on certain assumptions which will have to be verified or modified with
experience.

If solar heat costs are plotted against the amount of storage, Figure 2, the rather flat
curve for cooling illustrates a point one of the speakers made last night. Not much storage
is needed for cooling because the l1oad pattern matches the supply quite well. For heating,
about ten pounds of water per square foot of collector shows lowest cost; with larger amounts,
there is a small increase in cost, because the additional cost of the storage tank is slightly
lvigher than the additional fuel saved. The combined system has a very flat optimum between
about eight or ten pounds of water and abrut twenty pounds.

Solar heating and cooling costs in the eight locations are shown in Table 1. The least
cost solar heat design in each city is shown. The collector size for a 25,000 8TU per degree-
day house, the percentage of the heating load carried, the percentage of the cooling load carried
and the percentage of the combined load carried are indicated for each location. Comparisons
of these solar costs with conventional sources in those locations in 1970 are shown in Table 2.
In each case the solar is more expensive than gas. In Miami, solar heat is a little cheaper
than oil, and in all cases, cheaper than electricity. The present costs of propane and oil,
30¢ to 40¢ a gallon, are equivalent to $3 to $4 per million BTU actual heat delivesy.

Solar Heated and Cooled House
These results show why we're interested in solar cooling as a supplement to solar heating.

We think the economics are sufficiently attractive for a concerted effort to develop solar
cooling. So, we are starting construction of the first completely integrated system for solar
heating and cooling. It will be a solar heated and cooled house, shown in Figure 3 having

1500 square feet of living area and a 1500 square foot heated basement. It is of typical con-
struction, with normal insulation and double glazing. It has a collector area of about 720
square feet on the south sloping roof at 45 degrees. We expect to have it in operation by early
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surmer. The purpose of the project is the design, construction, operation, and evaluation of
this integrated cystem for solar heating and cooling.

Figure 4 shows the recovery of heat in a snlar collector in an anti-freeze solution. This
liquid is pumped through a heat exchanger where heat is transferred to water in an 1100 gailon
storage tank. House hot water is supplied also by heat exchange. On call from the thermostat,
hot water is pumped from storage via the auxiliary boiler to a heating coil, through which house
air is circulated; the water is returned to storage. The system also provides cooling via an
automatic valve which directs the hot water to the generator of the lithium bromide absorption
cooling unit, returning to storaje, while house air is ci-culated through the cooling unit.

System Details

Fiture 5 shows how the collector supplies heated 1iquid through a heat exchanger, down into
a sump wank to the pump and back to the collector. Ethylene glycol in this solution prevents
it vrrom freezing in the cold Colorado winter. There is a second loop in which water from storage
is circulated through the heat exchanger back to storage, thereby delivering heat to the storage
system. Figure 5 shows details of this design. Several 7low arrangements rermit testing different
schemes of operation. One summer alternative involves circulation from collector directly into
the storage tank and back to the collector. This will avoid the temperature drop through the jpeat
exchanger. If we find that the collector does not hold up any water, we may use this flow pattern
even in winter. Freezing in the collector is a considerable hazard, so we're going to use the
heat exchange system first.

The stored heat can be used in the hcuse in a number of ways. Figure 6 illustrates its use
when the house is heated by the storage tank. Water is withdrawn from the top of the tank (there
will be some stratification in the storage tank), pumped through the air coil through which house
air is circulating; wates returns from the coil to tiie bottom of the storage tank, the pump being
actuated by the house thermostat. This would be the normal circuit for house heating. If the
load is being adequately met, as indicated by the direction of house temperature change relative
to the thermostat setting, fuel is not used. If house temperature decreases another degree or two,
the auxiliary will go on.

Solar cooling directly from storage is shown in Figure 7. Hot watr flews from the top
of the storage tank to a selector valve which directs it to the lithium Lromide air conditioning
unit. Heat is thus supplied to the generator of the air conditioner, as the water returns to
the bottom of the storage tank. Hcuse air is circulated througih the 3-ton air conditioner at a
rate of 1200 CFM. Hot water temperatures range from 170 to 195 degrees F. Water cooling at the
absorption refrigerator requires use of a small co. ing tower. We also plan to operate the cooler
directly from the collectors without going tarough storage. This loop, shown in Figure 8, involves
delivering hot water from the collector directly to the air conditioner and back through the
pump to the collector.

ithen the water temperature in storage is not sufficient to operate the absorption cooler,
the auxiliary heater will be employed rather than the water in storage as shown in Figure 8. When
the house calls for cooliug the auxiliary pump then circulates hot water from a conventional
boiler to the air conditioner and back to the boiler. This would be the conventional operation
of an absorption cooler by means of a fuel heat supply.

Shown in Figure 9 is one of the circuits used for heating the house when stored heat is
insufficient to meet the full load. In this operating mode, the house thermostat is actuating
the system which delivers hot water from storage to the duct coil, supplying what heat it can.
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Even if storage is only 90 degrees, some heat can be supplied to the air circulating through

the coil; and at some times that temperature may be adequate, as in mild weather. But in cold
weather, a second contact on the thermostat will actuate the auxiliary heater and pump, circulating
hot water through a separate duct coil immediately following the solar coil. The heat thus supplied
serves as an air temperature booster.

Figure 10 shows the use of solar heat to provide service hot water by heat exchange with the
rawn storage. Hot water is circulated from storage through a small heat exchanger by a pump. Cold
water is supplied to an 80 gallon tenk from which it is circulated by a pu.p through the heat
exchanger and back into the 80 gallon tank. Water from that tank then passes to an ordinary
gas fired automatic water heater when hot water is used.

In a fully developed system, the heat exchangers could be in the form of pipe coils directly
in the storage tank. Two pumps could then be eliminated and thermosyphon circulation from the
service hot water solar tank would eliminate a third pump. However, in this installation we wan. to
be able to repair leaks if they occur and to measure temperatures of all streams, So external heat
exchangers are used.

In the solar collector, an anti-freeze solution will be used unless experience shows the system
will drain completely. This fluid is circulated through an aluminum roll-bond panel, 3 ft. by
8 ft. in size, shown in Figure 11. This absorber plate is mounted above insulation laid on top
of a sub roof on the building. Two layers of glass are spaced above the roll-bond panel, and
a capstrip and gasketing form a top closure. The roll-bond panel is coated with a flat black
paint. A manifold at the lower end of the collector feeds 1liquid in parallel to the 16 pairs of
roll-bond parels from which the 1iquid flows into a top manifold. The connections petween the
panels and the manifolds are flexible radiation hose. The 16 foot length collector section com-
prises two roll-bond par2ls interconnected with "swedge Tock" fittings.

Figure 12 is a plan view of a 3 X 8 ft. rol1-bond panel. Cross sections of the individual
tubes and of the two manifolds are shown. Water enters at the bottom and passes in parallel
through the tubes.

The solar heating and cooling system is fully instrumented so that performance can be reliably
determined. A 100 channel recorder will receive the signals from thernmocouples, flow meters,
pyranometers and the fuel supply meters. A magnetic tape wili feed these data to a computer for
performance evaluation.
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7able 1. Solar ieauting and Cooling Design (ptimu

Collector Water Storagsg covers % Load by Solar Cost

Areg Heating  (lbs/ft™) Combined

(2t7) Load Cooling ieating Combined $ per 10
{Bea/ur) ary
Alouquerque 521 1042 10 2 56 73 63 1.73
Miami 1042 10h1L 19 3 58 100 60 2.13
Charleston 19k 1041 10 3 62 92 68 2.47
Phoenix 1043 10L) 10 3 2% 100 3% 1.71
Omaha 10k1 0L 10 2 57 60 59 2.8
Boston 10h1 0k 15 2 66 6h 65 3.07
Santa llaria* 26u 1041 10 2 27 6l 52 2,45
Seattle® 521 1041 15 2 39 L 43 2.79

* Jne computation only

## Building usswzed to have ten times heat exchange rate as in other locations

Collector Tilt = latitude (except Miami = lLat - 10°)

Optimum criterron—-least cost solar heat fro corbined use

Hot water heating includ

Colle .tor cost $2

Storage cos% 5¢ per pound ol water

ther constant costs $3T5 per system

Air conditioner cost $1000 above conventional
C.0.P. of absorption cooier 0.6

Amortization 20 years & 85 interest

Building heat loud, 25000 Btu per degree-day

SOURCE: Lof and Tybout, pudlication pending
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Fig. 3. Perspective drawing of
Solar Eneryy Applications Labora-
tory Building to be constructed
on the Foothills Campus of Colo-
rado State University near Fort
Collins, Colorado. This will be
the world's first solar heated
and cooled building.
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Se3zion II, Absorpuion and Heat Pump Cystems - Bechman
THE LETHIUM BROMIDC SYSTEMS USED IN SOLAR APPLICATIONS
William Beckman

University of Yisconsin

The major problem that we have been working on lately, is tie development of a technique
to model transient solar systems. Recall some of George LUf's slides that showed the complicated
piping in the various modes of operation., We have the problem of modeling this system on a
computer. Everytime George decided that he wanted to make a little change, our program had terri-
ble gyrations, and often it would be many months before we would have it running again. About
two years ago it was decided the best way to approach this problem is to instruct the computer
how to Ao all of the bookkeeping and numerical integrating for a completely general system. The
programrer becomes a plumber or an electrician, A1l one has to do is tell the computer how the
various comuonents are connected together with pipes ar wires.

'le have nodeled various solar system components. For example, ve have a jeneralized model
of a solar collector. We actually nave two or three different collector models depending on the
detail you want. The user connects together, in a relatively simple manner, the output of one
unit into the input of another unit. The program does all of the bookkeeping; it keens track
of mass balances, energy balances, and any integrated quantities you want. To make a change now
is a trivial job where before it sometimes took many months.

Yhat I'm going to present - > economics studies by Butz {1973) which were done in the first
part of the project using a computer simulation that was of the old fashioned type where it was
a special program for a special job. We're in the process of using our generalized program to
model this very same system and in addition to model some more of the CSU house. Figure 1 shows
the system that we modeled. It is similar to the Colorado State ULniversity house, with some minor
differences. e have a hot water solar collector which is indicated by the letter A. Our modeling
techniques are such that virtually every solar collector can be described with very few parameters.
These parameters, as discussed by Whiller (1967) describe collectors in terms of an F' or an
FR’ an overall loss coefficient, UL’ and the transmittance absorptance product of the covers.
In this study we are using a two jlass cover wvater heatinj collector, with an FR of 0.86 and a
“L of 0.3 BTU/hr/ftZF. We have not, in this particular mddel, included the ethylene glycol heat
exchanger loop as in the CSU house which is required if yon really need to prevent the system
from freezing. Hot water in the storage tank (B) during the heating part of the cycle passes

through a heat exchanger (D) which heats air that comes from the building and returns to the

building. The cooled water then returns to the storage tank. Whenever this particular system

can not supply the total load from solar energy, we turn o, an auxiliar' heater (E) which could

be a gas fired or oil fired furnace. We now have perfect ‘nd sight and »~ realize that a this

kind of a loop was « bad choice. [f we do not have sufficrent solar energy, and we have to turn

. on the auxiliary, then all of the energy that the auxiliary puts out is not inmediately transferred
to the air stream through heat exchanger (D} and the auxiliary supply tends to drive up the
temperature of the storage tank, wn addition to warming the house. If the storage tank temperature
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increases, the inlet temperature to the collector increases and the collector works at a higher
average temperature which means poorer performance.

The model has a4 service hot water system somewhat different from the two tanks that George
showed in the previous talk. Me have a heat exchanger and a single tank (C) which represents
amore or less conventional gas, oil or electrical fired hot water system.

In the air conditioning mode, we have a valve which directs the hot water into an absorption
air conditioner (H) rather than into the air heat exchanger. Cooling water evaporating coils
are located in tie air siream, and air from the house is circulated past these coils and cooler
air is supplied to the house. The air conditioner was modeled as being approximately « three
ton unit. The original model was somewhat optimistic but is more sophisticated than the .iodel
orginally used by LGf and Tybout (1973). For example, the performance of this unit depends upon
the temperature of the incoming water to the generator and we varied the capacity of the machine
depending upon the temperature of this water. If it is at the design condition then the system
operates at 100% capacity. At other combinations of cooling water temperature and temperatures
to the generator, the cooling capacity varies down to 50% at a minimum (we decided at 50% the
system would cut off) and up to 1157, One of the difficulties of the lithium bromide system
is that it requires, in its present design state, Tow temperature cooling which is going to have
to be supplied by a cooling tower. We model the cooling tower using a 10%F approach to wet bulb,
which is a conservative design. A real system will operate somewhat better than that, particularly
when the system is operating at part load.

te realized that in this study it was going to be expensive to do the complete analysis as
presented by Ldf and Tybout (197Q, 1973). Our model is somewhat more sophisticated and burned
up considerably more computer time. lle tried to include the dynamics of the house more accurataly,
and modeled the house to include heat capacity effects, changes in the solar radiation and all
other associated energy terms in a manner similar to what would be done in designing a very large
building. It iurns out that this part of the program, which in Georges' case was a small compu-
tation effort because it was basically a BTU per degree day house, is a significant money consumer
in our program. We chose one site, Albuquerque which is one of the hetter sites which George
haa in his study. HWe also used exactly the same weather data that George used.

The controls work in the following manner. If the system deviates from the set point by
2 degrees, we turn on the solar system. If the house temperature continues to deviate by another
couple of degrees, that means solar isn't sufficient and we turn on auxiliary. Our system had
a two stage auxiliary heater so that if the temperature varied another two degrees we'* turn
on the second stage of auxiliary. The second stage of auxiliary along with the first, was suffi-
cient o meet the worst loads that the system could experience.

Now it's very important that we realize there are a tremendous number of design variables
that should be looked at. The most significant design variable of course is collector area,
and that's what we concentrated on. We looked at the Tybout and LGf (1970) and LSf and Tybout
(1973) results and decided that they had done an excellent job in determining the optimum storage
tank capacity. We chose to maintain the storage tank capacity equal to 12.1/2 pounds of water
per square foot of collector. Ue also chose two glass covers which Tybout and LOf said was near
the optimum so the only design variable that we are concerned with is collector area.

During our hour by hour simulations we often found that near noon the collector efficiency
would be on the order of 50%. I know people who quote collectors efficiency hased on noon time
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measurements and imply that the efficiency of their collector is 50.. As we'll see this a very
optimistic way of lvoking at it, because the collector is part of a system and you must 1ook
at the whole system performance not just the instantaneous collector performance.

Figure 2 shows the monthly averages of energy quantities for a collector area of 350 square
feet and it shows what happens, for example, to the energy required by the building to keep it
warm. In January it's high and 1t decreases to essentially zero in May, picks up again in October
and increases through January. During this time the main auxiliary heater had to supply various
tfractions of the load. The auxiliary is nigh in January for this smaller collector and decrea.es
towards zero in May.

When the cooling season arrives, sometimes you have both heating and cooling. In this
particular example, for roughly one month (April), the system required both heating and cooling.

A control system was designed into the model so that if the temperature decreases down to 60
degrees, when in the air conditioning mode it switches over to the heating mode. If the excur-
sion is very large the other way, at 95 degrees it switches over to the cooling cycle. Also shown
on Figure 2 is the energy transfer to the generator of the air conditioner. This is not the
actual air conditioning load but is the energy supplied to the air conditioner. This a.r con-
ditioner was modeled with a constant COP of 0.65 which has been shown by experiments to be a
reasonably good approximation., The few experiments that have been done show that the COP is
roughly a constant, and that's what we built into the system.

Consider the largest collector area as shown on Figure 3. The efficiency has a peak in
January, and a peak in July. The reason for the winter peak is that the system is loaded in
January and the storage tank temperature is low. tith the low temperature to the collector, the
collector works quite well. The same thing happens in the summer time. The collec.or is working
at a Tow temperature because solar energy is being used for the air conditioner. ODuring the
spring and fall, there is only a small load. Mith the storage tank hot, the temperature supplied
to the collector is high and the efficiency of the collector Tow. You just can't use the energy
that's there, and in fact, there is energy that the system actually had to dump. This situation
is not so pronounced for the small collector since the service hot water load is large enough
to keep the storage tank temperature down during the spring and fall. The important point is
that during the spring and fall every solar energy system is going to be over-designed and during
the winter and summer it's going to be under-designed.

Figure 4, shows the system efficiency as a function of collector area. The left part of
the graph is for heating and cooling with roughly 100 square feet of collector (15M2). The system
efficiency is 40 and solar supplies 28. of the load. The small collector maintains a low Storage
tank temperature. With the low temperature input to the collect~r, the integrated efficiency
is high. As the collector size 1ncreases, the amount of that energy that you can actually use
decreases. There are longer periods of time when you have excess energy that drives up the storage
tank temperature. If the collector area increases from 100 square feet (15M2) to 1,000 square
feet (90M2), the average system efficiency has gone from 407 down to roughly 20%. This is a point
that is often neglected in estimating the performance of a system. You cannot estimate system
efficiency from static experiments. You must really look at the dynamics of the whole System.

It's too bad that this simulation process if so costly, because at present you can't afford
to do it for a small residence. A designer can't afford computer time to do this kind of study
to see how his design vill perform. [ believe ASHRAE will come up with some Scheme for reducing
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all the thousands of calculations that went into generating these curves, into something that
designers in the field can use.

Recently we asked ourselves, "What would happen to this system if it did not have air con-
ditioning?" We took out the air conditioning part of the cycle, and again looked at the system
efficiency. During the summertime, since we took out the air conditioning, the system provides
all of the hot water. In the system with air conditioning, only part of the hot water require-
ments were supplied by solar. Without air conditioning we have a tremendously 1arge collector
only supplying hot water and it can meet all the needs. It turns out that for heating only the
system efficiency curve drops 105 for all collector areas. At a collector area of 100 square
feet rather than being 40% efficient, it's something like 30% efficient if you're just doing
heating. At 1,000 ftz, rather than being 20% efficient, it's about 10% efficient. This is 10%
annual efficiency out of a collector that can operate at 50 or 60% noon time efficiency.

We performed some economic evaluations that are really the major purpose of the whole study.
Shown on the abscissa of Figure 5 is the collector area, going from zero to 100m2. This particular
graph is for one particular cost of electrical energy; 3¢ a kilowatt hour. The ordinate is the
annual cost above a base cost. The base cost is the cost of all the things that you would have
to have in the solar energy system that are also included in a conventional system. There are
lots of ducts, piping and a furnace that are required in a conventional system. We also nead
these in a solar system. A solar energy system costs more because of the collectors, the storage
tank, the additional piping and controls and also because the solar energy system requires an
absorption air conditioner rather than a vapor compression machine. We assumed extra costs of
$1250 for the solar system to cover these costs. MWe then looked at costs over a year. Shown
on Figure 5 are 3 different collection costs of $20, $40 and $60 per square meter. For each of
these collection costs we have curves for 3 different fuel costs; $2, $4 and $6 per million KJ.
For a collector cost of $20 and a fuel cost of $2 - the cost of the solar energy system starts
out to cost $475 a year above the base cost, decreases down to about $380 a year above the base
cost with a collector area of about 50 square meters and then begins to increase again. It begins
to increase again because the efficiency is going down as the collector area goes up. Now compare
this with what the conventional system costs as shown by the horizontal lines. This is the
conventional system cost for a fuel cost of $2. You can see for the numbers we've chosen for
this house in Albuquerque, a collector area of from 20 to 80 square meters yields a cost somewhat
less than the costs of the conventional fuel system.

I would like to conclude by saying that we've shown here an example of what you can do with
modeling. Modeling allows you to do experiments relatively cheaply. Our computer modeling of
the CSU house costs about $100 for each different design. To build a house for each of these
different designs would cost many thousands of dollars. For a small investment we can do a large
number of design studies on the computer to gain experience and insight into system behavior.
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isn I, Absorption and Heast Purmp Cystenms - Anderson
CURRENT LITHIUM BROMIDE HARDWARE AS USED IN SOLAR APPLICATIONS
Philip Anderson

Arkla Industries

Arkla has been in the process of changing a direct fired 1ithium bromide unit over to oper-
ation with solar energy. Arkla came into being in 1957 when the Arkansas Lousiana Gas Company
purchased the gas air conditioning division of Servel Incorporated. Subsequently, the name was
changed to Arkla Industries. Servel was the manufacturer of the gas refrigerator. This unit
was @ single pressure absorption unit charged with aqua ammonia and hydrogen. Servel extended
it to a couple of commercial units with quarter and half ton capacity, and then “ecided to make
an air conditioner. I was a young engineer in those days and I drew the assignment. Dr. Hains-
worth, who was vice president of engineering, was later to pronounce it a complete success because
the g0al was a three ton unit and the unit made two tons capacity and it w ghed one ton.

Heedless to say, this concentrated ittention on other methods. Work pr~..eded on the salt
unit, and one of the first field test units was installed at the World's Fair in New York in
1939. These units were originally charged with a solution of lithium cliloride and in order to
achieve suitabie evaporator temperature it was necessary to operate rather close to the crys-
talization line. Unfortunately from time to time they wandered over that line. This led to
the substitution of lithium bromide for the chloride. These units were water cooled. The abso-
lute pressure on the high side was around one Psia, and on the low side about 0.15 Psia, They
used multiple thermosyphon tubes to raise the solution to a point where it would continue its
Journey through the cycle by gravity; there were no mechanical pumps involved. The units were
supplied with their own steam boiler which had a diverter valve that would send steam to the
unit or to a heating coil and they became known as All-Year units. In further development, the
steam boiler was eliminated and a direct fired unit was manufact.~ed which permitted the use
of the same coil for both heating and cooling.

This was the unit which Arkla acquired from Servel. Figure 1 shows a diagram of the direct
fired unit. When operating on the cooling cycle, water will be flowing through the absorber,
out of the absorber through the condenser, and back to the cooling tower. The burners come
on and within a few seconds, the solution in the generator starts boiling and vapor and entrained
liquid start passing up the pump tube into the separator head. In the separator head, the baffles
separate the liquid from the vapor, the vapor then travels on to the condenser where it is liqui-
fied, and flows out of the condenser through a restrictor into the evaporator tubes. Now these
are finned evaporator tubes. It is a direct exparsion unit and air flowing over the fins imparts
its heat to the evaporator causing the water in the evaporator to vaporize, and the vapor flows
down to the absorber. The solution which was carried ip to the separator head then flows down
a lire through a liquid heat exchanger where it is cooled down, back up to the absorber where
it is distributed over the tubes of the absorber, and it starts absorbing the vapor. The heat
of absorption is carried away by the water passing through the tubes. As the solution flows
down through the absorber, it becomes more dilute and eventually it flows out of the absorber,
comes back through the heat exchanger where it's warmed up and comes into what we call a
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leveling chamber, then flows bauk to the generator where the cycle is repeated. This is the direct
fired unit. We have modified it simply by replacing the direct fired generator with a vessel
containing coils through which hot water can Le circulated. When cooling is called for, hot
water is circulateu thnrougn the generator coils, and the same process occurs, the solution starts
boiling, vapor and liquid pass again up to the separator head and the rest of the cycle is Just
as it was before.
The direct fired unit of course was equipped also for heating as shown in Figure 2. The

temperatures that we have available from the solar energy are not sufficient to activitate this

. unit for the heating cycle. The smecifications for this unit require an input of 55,000 BTU
per hour which would be supplied by 11 gallons per minute of 210 degree F water with a 10 degree
drop. MNow these temperatures are standard specifications with 85 degree cooling water. M4ith

. 75 degree cooling water, they of course should be approximately 10 degrees lower. Condensing
water should be supplied at a minimum of 10 gallons per minute. At 85 degrees, the output of
the unit is 36,000 BTU per hour when using 1200 CFi{ at 80 degrees dry bulb and 67 degrees wet
bulb. The dimensions of the unit are approximately 6 feet tall, 4 1/2 feet wide and 2 feet deep.
It contains its own blower and filter section. The control section is shown in Figure 3. R
is one side of the control transformer and 0 is the other side of the transformer. On the cooling
cycle, the thermostat will connezt R with Y which will activate a double pole relay. One pole
activates the cooling *ower purp and fan. The other poele makes contact between R and A and the
connections between O and A go to the pump which supplies hot water to the unit. If for any
reason, tie evaporator temperature approaches freezing, a low temperature switch opens dropping
out the cooling tower relay which cuts off the cooling tower and the supply of heat. In addition

opens to siut off the supply of heat. As the cooling water temperature drops down, it could

drop dowin say from 85°F to 75°F, everything will still operate satisfactorily. But as the tem-
perature goes below 75°F, there is a tendency for the evagorator temperature to get too cdid
causing the low terperature switch to open. To avoid that when the temperature of the cooling
water drops to about 73 degrees a control opens a bypass route, and bypasses a considerable mount
of water around the absorber to the condenser, and thus keeps the unit in operation by keeping

the evaporator temperature up.

One of the questions that's frequently asked is, "shy did you pick litniun bromide instead
of arronia?” There are several reasons why we picked lithium bromide, but first ef all it should
be stated that we could use either ammonia or lithium bromide, but in any case with the temper-
atures that we're talking adout to activate the generator, we're going to be using a water cooled
unit. e just don't nhave a nigh enough terperature for an air cooled unit. lfe chose Vithium .,
bromide because we exoect to get a somewhat better coefficient of performance. Also we can use
a thermosypnon pump rather than a mechanical pump to take care of the solution circulation.
However, if we wanted to put in a mechanical pump, the amount of power required is very little.
Another reason is that armonia is a class two refrigerant and can not be used in a direct expan-
sion evaporator. It would have to be in the form of a water chiller. With the lithium bromide
water unit, we have the opticn of direct evpansion or water chiller and we can install the unit
either indoors or outdoors.

Anotner question frequently asked is, "Can't you get the operating temperature of the gen-
erator down?" Yes, we can. You must remember that in this case we took our item more or less
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off the shelf and made a Juich modification to operate on solar energy. On a longer development
terri, we could put in a mechanical pump that would save us some of the temperature difference.
The reason is that in a thermosyphon pump we have a certain amount of submergence and at these
low pressures, submergence can mahe quite a difference in the boiling point. At the present
time, that's costing us possibly 12 to 14 degrees. If we put on a mechanical pump, we can pro-
bably pick up 12 degrees of that. Another way we could pick up temgerature would be to increase
the amount of surface in the generator. And still another way would be to increase the water
flow, split the water flow between the absorber and the condenser instead of using a series flow.
flow a1l of these things of course are addirg costs, and you have the question, "Uhere do you
stop?" And right now we've stopped with the unit as you see it.
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Session I, Absorption and Heat Pump Cystens - Bibling
A SOLAR HEAT PUNP SYSTEN
James A, Eibling

Battelle-Columbus

[ have been asked to describe a concept that we at Battelle have developed on a solar-povered
heat pump. ‘e have submitted a proposal on this concept to the NSF. The basic idea was conceived
a couple of years ago and stermed from our extensive experience with rotary-vane refrigeration
compressors for several of the leading refrigerator manufacturers. The first application was
for the Air Force on high-speed fuel and hydraulic pumps. Later we studied for the A.G.A. its
possibilities for a natural-gas-operated air conditicner. The extension of this past research
to the application to a solar heat pump occurred in 1973. Uhat we have proposed to NSF is a
design study of the heat pump unit iiself, leaving the solar collactor, the heat storage com-
ponent, anl! other auxiliaries to separate studies. Ultimately an entire system would be assembled
and evaluated.

Figure 1 is a perspective of one way to embody the heat pump unit into a complete heating
and cooling system, in this case a house., The application is amenable equally well to larger
buildings requiring up to possibly 100 tons. Here we show a flat-plate collector which outputs
into a heat storage tank. Energy for water heating and for year-round heating and cooling is
drawn from the storage tank. The heat exchanger transfers heat from the fluid in the storage
tank to the heat pump working fluid. The heat pump itself consists of an expander and a com-
pressor and possibly also a motor-generator. The latter, that is the motor-generator, can be
used to operate the neat purp on long-term off-solar periods, taking power from the utility grid.
At times, especially in the fall or spring, excess power can be fed to the utility grid or used
within the building. Obviously, instead of electric power for supplemental use, natural gas
or other fuel could supply heat to the expander. An outdoor coil is shown here toc serve as a
heat sink on cooling operation and as a he ource on heating operation. So now we have a vapor,
probably a fluorocarbon, supplying energy to a rotating-vane expander which drives a rotary-vane
compressor and the option of electric power or fossil fuel or supplemental energy supply. All
rotating components including 1iquid pumps can be on a single shaft and hermetically sealed.

Figure 2 depicts the system operation on a pressure-enthalpy diagram. Essentially three
operating loops describe this system. The top loop in crosshatch represents the path of the
working medium as it makes its circuit through the expander system. The middle loop, shows the
operation of the compressor on cooling mode. The condenser for the expander and the compressor
is the same and the outdoor coil serves that purpose on cooling operation. For comfort heating,
the entire non crosshatched portion is representative. Thus for heating, the condenser of the
upper loop or expander combines with the condenser of the compressor.

Several variations to the method of operation just described deserve consideration, one
being, in extremely cold weather, to use heat from solar energy stored in a second tank at, say,
60 F as a heat source to supplement the heat source derived from outdoor air. Another of course
is to use a concentrator collector instead of a flat-plate collector. I'll not take time here
for further description of the system as a whole or as to other variations, but rather comment

on the expander/compressor unit, which really is the novel part of the concept.



Figure 3 shows one possible arrangement of the expander/compressor. Notice the geometry
of the vanes. Instead of ardinary vanes used in the rotary-vane devices, the concept calls for
the use of pivoting tips on the vanes. Previous work has Shown that a hydrodynamic gas film
is self-generated by the pivoting tip, resulting in extremely low coefficients of friction and
permitting operation without the use of liquid Tubricants. Without lubricants, heat exchangers
remain clean and the system can operate to higher initial temperatures. There is also the strong
possibility of using a single fluid in both the expander and the compress-r. Thus we have promise
of development of an efficient machine, mechanically and thermodynamically. \hen these advantages
are added to those of the general class of the rotary-vane machine, that is compactness, simpli-
city, and low cost, we appear to have an excellent machine for adaptation to solar heating and
cooling. Before leaving Figure 3 I should give you a feeling for the size of the unit. We calculate
tnat for a 3-ton machine operating at 3600 rpm on R-22, the rotor is about 4 in. in diameter and
the vanes are about 3 in. long. The vane pad is approximately 1/2 inch wide.

How, if I may go back to the original development work that lead to this idea, Figure 4 is
a pnotograph of a liquid pump developed for the Air Force for pumping JP-4. It operated at 50,000
rpm, at a pressure of 650 psig and 5 gpm flow rate.

Figure § shows the application to an aircraft hydraulic pump that operated at 30,000 rpm,
3,000 psig, and 50 gpm. The pivoting tip and vanes are displayed in the foreground.

Figure 6 is a cross-section of the arrangement of the vanes and pivoting tips in gas expanders
and corpressors.

Figure 7 shows the geometry of a pivoting tip in detail. Naturally, the pivoting tips must
be larger for a gas than for a liquid. The verious surfaces shwn contribute to stability and
balance of the pivoting tip as it moves around the cam ring. Not shown are noles through which
underblade gas pressure is supplied to insure maintenance of the hydraulic film. We have deve‘oped
a computer program to assist in designing vanes.

Figure 8 is a photograph of an experimental rig built to evaluate the performance of the
pivoting tip when running on gas. The apparatus uses a trunnion-mounted cam ring for measurement
of tip drag. The measurement is a very accurate one.

Figure 9 shows the same equipment with the head removed to expose the cam ring in which
the pivoting tips travel and into which gas or vapor is introduced and controlled in pressure.
Experiments have been run up to 1500 rpm, equivalent to 500 in./sec. with R-12 and nitrogen.

The e«periments verified the theory of the hydrodynamic film and proved that a hydrodynamic gas

film can be developed. The coefficient of friction was on the order of 0.093, which is many times

smaller than for vanes that ride on the cam ring. This low tip-friction permits the designer

to select geometries that he couldn't otherwise consider.

For a solar-operated heat pump the concept has a number of advantages, as follows:

High Efficiency. High efficiencies of the compressor and expander are essential to gain
as high a COP as possible and in turn to minimize the cost of the solar collector and its auxi-

. liaries. With the pivoting-tip vane we should be able to think in terms of adding 5 to 10 per-
centage points to the adiabatic efficiencies of the compressor and the expander, or a total gain
of 11 to 26 percent.

* Low Rotational Speed. The vane compressor/expander will operate at either 1800 or 3600 rpm

with tne motor-generation option or at comparable speeds where the fossil-fuel supplement is used.
These low speeds will permit inexpensive bearings and alleviate the need for precise dynamic
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balancing of tle rotating parts. Also the liquid feed pumps can be direct driven from the compressor/
expander shaft,

No _Lubricant. The pivoting-tip vane is supported on a hydrodynamic gas film without sliding
contact so no liquid lubricant is required. With the elimination of Tubricants, higher cycle
temperatures can be permitted, which improves the overall cycle efficiency. No filters or lubri-
cation purmps are required.

ilo Valves. The vane compressor and expander can have fixed-port timing with no valves,
so fir4 josses and reliability problems associated with valves can be eliminated.

Low Manufacturing Costs. Combinbing the compressor and expander onto a single shaft reduces
the number of parts required for the heat pump --offering the possibility of reducing manufac-
turing costs. The pivoting tips and the cam ring are relatively simple in shape and appear to
be amenable to poudered metal or extrusion fabrication methods. The compressor-expander unit
is visualized as being quite compact, requiring low weight of materials.

Adaptable to Hide Range of Capacities. Although the initial application has been thought
of in terms of house-sized heat pumps the concept is eq.ally applicable for larger buildings,
up to say 100 tons.

e have proposed to NSF that this concept be evaluated as part of the Federal research
progran on solar applications; the program to begin with a Phase I effort consisting of a fea-
sibility study to complete the analytical investigation of the gas-supported pivcting tip and
to conduct critical experiments to verify the analytical results in application to a solar heat
pump. Subsequent phases would entail development of the compressor and the expander components
and then building and evaluating a complete solar pump system. lle at Battelle are enthused about
the potential of this concept in the application to solar building heating and cooling.
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Fig. 7. Detailed Pivoting Tip Fig. 8. Experimental Rig for Gas
Geometry. Tests.

Fig. 9. Gas Rig Equipment
Disassembled.
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Session II. Absorpution and Heat Pump Systens
Commentator: Alwin Newton

York

Questions and Answers:
Alwin Newton, York: [ think this has been a most interesting session and I think a lot of oiher
people think so judging by the number of questions we've had. I will make just a comment or
two first. There were some questions this morning before this session relative to where we
are in this solar industry. ihat is the present status with respect to other comparable things?
I'm beginning to think back a little bit when back in the teens wam air systems were quite
unusual in houses and there was a great deal of comment and speculation on how to redesign houses
to use warm air systems. You know now we have warm air as well as hydraulic systems. The firsf
approaches were simple. They were one pipe furnaces, probably most of you never heard of one
pipe furnaces but you used to put one in the middle of the house, and hope they'd heat everything
else.

Perhaps in solar work we are a little beyond that stage right now, but we are in the early
stages and if we looked ahead, there are going to be a great number of advancements. I have one
or two comments myself, which I will try to work in with the other questions. I propose to

raise questions for each of the authors in turn. So I'm going to start with George LOf then
we'll go on to the next author.

One of the questions that occurred rather frequently was, "What is the material in the "Roll-
bond?" The reason for this question is pointed at corrosion problems, and things of this nature.

LOF: e're going to use aluminum roll-bond. This appears to be a reasonable compromise between
cost and durability. We are cognizant of possible corrosion problems, so we have a .11l volume
Toop containing a few gallons of water and anti-freeze solution. This loop will be protected
with inhibitor, one of several types we're looking into. There will be no metallic connections
between the aluminum and any other metals in the system. ie're hoping to obtain satisfactory
service. The alternative is copper which is much more expensive. If the aluminum has adequate
durability, it will be a big advantage. Some automobile cooling systems have aluminum radiators
and engines so we think simiiar materials can be used here.

Newton: [ think the point on automotive radiators is a good one, It occurred to me on the
inhibitors that those used in chilled water systems should be useful to you. There are several
questions on the frequency of readings that you take and what's the fine detail you can pick
up.

LGf: The instrumentation is designed to scan all the points in the system each five minutes,
so there will be a total readout every five minutes. The solar radiation will be integrated
over the five minute interval, as well as fuel use, electric use, and water supply. A1l the
other readings will be instantaneous readings.

Newton: A number of people would like to know what the pressure drops are and how much they
contribute to needed power from fans, pumps and things of this nature. Do you have a hold
on that you can give us at this present time?
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Lof: I'd Tike to call on Dan Ward for that. Dan Ward is the project manager. If you don't have
those numbers in mind we'11 supply them later.

Newton: Then the question was asked by a number of people,-"Are you really convinced that you
need the two fluid system?" Isn't it practical to drain the collector and therefore avoid
one temperature difference at least in the system, drain it whenever you're in danger of freez-
ing?

Lof: We're not convinced that we have to use the two loops, but we're providing them as a pre-
caution. If we find that the solar collector can be self draining on a fail-safe basis, we will
dispense with the heat exchanger and the separaie loop. The plan view of the solar collector
shows all the tubing is sloped; even the manifolds have a slight slope. If we find that we don't
get air binding, and that drainage is complete we'll not use the heat exchanger. But unfortun-
ately, nearly every collector that's been constructed using a water system in a cold climate has
at some time or other been damaged by freezing. This is an expensive accident, so we're going

to avoid it one way or another.

Newton: Along the same line, do you have any feelings in the difference of COP that you might
have in a cooling cycle working off a direct interchange compared to working off the storage?

Lof: The COP from heat to cooling would not be affected Lecause the COP is relavively constant
from 180 degree supply to a 200 degree supply. However, the COP from solar to cooling would

be improved by dispensing with the heat exchanger. e could get about a 15 degree temperature
advantage if we don't have to use the exchanger. This would permit the solar collector to operate
more efficiently. I would estimate that this protably would permit a reduction in collector

size of perhaps 10% to 15%. However, the system must also provide heating, and heaiing is more
demanding in our Colorado area than the cooling is. Bi11 Beckman reminds me that a one degree
change in heat recovery temperature is accompanied by about one percent change in system effi-
ciency. So 15 degrees is equivalent to 15 percent.

Newton: The question has been asked me by three people as to why glass is used to cover the
collectors instead of some form of plastic. Several people commented they thought by row plastics
might be available.

Lof: The main reason we are using glass is that from our own experience we know it's dependable,
servicable, and an excellent construction material. There are windows around here over 100

years old. There are no plastics that have the life that glass has. Also, it has high solar
transwission. If you're going to use rigid plastic with as high transmission as glass, higher
costs will be encountered. Some types of fiberglass reinfc .ed polyester have solar transmission
a little higher than glass, and they might be useful as a top glazing, where their maximum service
temperature would not be exceeded. Plastic films degrade, due to UV absorption, and I do not know
of any types suitable for long term use. Inside the unit, you have to provide for a fail-safe
temperature of somewhere around 400 degrees F. which is well beyond the range of all but the
costliest plastics.

Hewton: One last question, Mhether or not it is easy to test other materials. One question
suggested that a selective surface material might be provided for testing, is it something you
could work into your collection system?
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Lof: One of the purposes of this installation is to serve as a test bed for other collector
designs and materials. We would not be able to incorporate this change in the installation
now, But after this system has been tested for a year, and we have the data on it, we expect
to install other systems and materials. We would then like to evaluate selective surfaces

as well as other materials.

Newton: I'm covering all the questiens we received of course, and later on I understand there
will be a chance for audience questioning.

Bill Beckman will come next. WUhile you're on the way, I'd like to point out that quite a number
of people, I think I can include myself on this, were a little bit confused by the term “effi-
ciency” as you used it and wondered if since this seems to be related to the amount of time
during vhich you can use all of the energy from the collector, are we not really talking about

a utilization factor in terms of they way a utility would look at. Would you like to comment

on that.

Beckman: The term “efficiency" as I use it was the ratio of useful energy gain leaving the
collector that gets to the storage tank divided by the solar energy incident on the collector.
It doesn't include losses from the storage tank. It's really a collector efficiency.

flewton: Uell fine, [ think as the curve showed some of us thouaht that it might mean you had
more solar energy available than you could use. That factor is included, which does border
on the utilization factor I guess. It comes from the combination of the actual efficiency of
conversion of solar energy to heat at the collector plus the amount yuu can use.

Beckman: The point was that you can not really look at a collector by itself, you would have
to put it into the system. When you put it into the system it behaves in strange ways and some
of the useful energy gain that you could get out of the collector the system just won't accept.
So in a sense it's a collector efficiency when coupled with that particular systenm.

Hewton: I think that will answer everybody's question. Another question. How much computer
tine is needed for example, to analyze a year on a system? Now you may prefer to answer this
a little bit differently, but that's the way the question was posed in two or three cases.

Beckman: I guess it's doliars that are more important <nd here again it's difficult to assess
costs in one computer compared to another. On our particular computer. [t turns out to be
about 510 per month for each design. So that would be on the ord ~ of $120 per year. Recently
we arbitrarily have decided that's too much and we generally loor at only two weeks out of each
month assuming that the first two weeks look like the rest. lle've cut our costs in half by
Jjust Yooking at two weeks. Future developments will significantly reduce that cost.

Hewton: Since you didn't state in it that answer, I'11 ask this next q ~~tion. What is the
computer you use?

Beckman: At Wisconsin, we have two machines, a very large one, a Univac 1110 and wha.'s called
« mini computer, a Datacraft, I'm not sure of the number. lost of our work is done on the Data-
craft. The Datacraft is extremely fast and we avoid the large machine at all times. We only

go to the large machine when we have to.
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Hewton: Can your prograrming relate the amount of collector surface I assume in square feet,
to the amount of auxiliary power neededs Is this a capability of the program?

Beckman: VYes, that comes out automatically.

lewton: I guess the last question we gathered for you is whether you can identify a relative”y
siiall range which seems to be the best optimum point for the addition of auxiliary heat. I
don't know if this can be done for systems in general or whether you would have to rafer to

a couple of specific systems.

Beckman: Our experience on a number of specific systems indicates that at the optimum 62 or .
75 of the total load might be carried by solar. One just cannot conceive of an economic system
at the 957 range.

Hewton: A1l right I think for the general questions that jeaves you off the hook, and we'll
g0 to Phil Anderson next. I had several people who asked, Nhy wasn't anything said about two
stage or dual effect absorption systems? Since you're the absorption expert, maybe you'd like
to take that one.

Anderson: The temperature limit is the reason the double effect was not mentioned. Tae double
effect unit of course is more efficient, it has a nigh coefficient of performsnce, but it also
has a ruch higher operating temperature,

Hewton: Input temperature yes. A number of people have asked the question as to why the COP
seems to be fairly constant over wide range of input temperatures like 180 to 220 degrees F?
Right along with that I guess there are questions, does the capacity of the sawe system change
when you drop the temperature through some such range, 200 to 180 for example?

Anderson: That depends on the conditions. For example, the one that I cited at 210 degrees
and 35 degree condensing water gives full capacity. At 85 degree condensing water, if you drop
that temperature down say to .04, you’re getting about 80% of the capacity.

llewton: And was there very little change in COP?

Anderson: That's right.

Hewton: Does the COP figure that you mentioned include any allowance for accessory equipment?
Anderson: Ho it does not. This is based on input to the unit.

Hewton: Then I guess a final question, is to give us some idea of the total amount of water
as wvell as the temperature rise that's needed. I believe ycu mentioned a 10 degree F rise in
the cooling water.

Anderson: A minimum of 10 GPM of the cooling water.
Hlewton: And what is the temperature rise?
Anderson: About 18 degrees.

Hevton: How we come to Jim Eibling. Everybody wants to k.ow what is the compressor efficiency
and the expander efficiency separately. How I suppose this is referring to thermodynamic ef{i- v
ciency, howaver you want to answer it is all right.
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AHSHER: Well, as I mentioned, we think in teéms of five to ten percentage points higher with
our machine on paper than the standard rotary vane machine. Translating that range into an
isentropic efficiency, a conventional rotary vane machine will go 75%. If we add 5 to 10 points
to that, we're talking 80 to 85 for the expander and the same range of values for the compressor.
So on an overall basis, we are estimating somewhere in the range of 64 to 72 percent isentropic
efficiency for the entire expander compressor unit.

Hewton: Another question related to how this whole system, the expander and the compressor

respond to changing mode conditions and in addition to that how do they respond to different
input temperatures? Is there some pattern that is better with some systems and how do they

relate?

Eibling: ‘e haven't thought through that question all the way, but we look at it like any vapor
engine or rotary-vane expander in other applications. Our machine has a reasonable "turn-down
ratio," I guess is the term. If we change the load appreciably and change the speed also, we'd
have some surface contact problems except that we compensate for this by underblade gas pressure,
introduced between the blade tip and cam ring. e beiieve we can vary the speed and load quite a
bit just as you would throttle a steam engine. '

lewton: Can you give us any information on the materials in the pivoting vanes? Are they cri-
tical and likewise in the cylinder?

Eibling: They're critical. First of all from the centrifugal force point of view, we would Tike
the tip to be light in weight. Carbon graphite works out fine here and the vane itself, into
which the pivoting tip is inserted, could be aluminum. Bear in mind that there is gas pressure
underneath that aluminum blade, too. The chief concern on materials is on startup when you have
contact of the tip on the cam ring because the tip veiocity is not yet up to the point of estab-
lishing a hydrodynamic film. So materials have to be compatible for this cccasional contact.
One solution is carbon graphite with a special surface coating and a coated stainless steel cam
ring.

lewton: lell there is another one right along the same line. HMost rotary compressors must have
a close control of leakage at the contact point with the rotor, and how is this done without
lubrication?

Eibling: In one of the diagrams of the pivoting-tip machine you saw a complicated shape. A1l those
surfaces have meaning. The experiments we have run so far show that we get very good sealing at

the trail edge of the hydrodynamic wedge. The question was viell put because the traditional
rotary-vane machine relies on oil for sealing and cooling as much as it does for lubrication.

Since we've taken that oil away we have to substitute other means of sealing. Ye think the

pivoting tip takes care of that.

Hewton: There are questions about the electric power generation from your solar system. Is
it true that you are connected to the electric grid for putting power back into some utilities
system? Also, can you give some possible input to how much power this system might supply to
the house itself?

Eibling: You could tie in with the utility grid. This is optional. Unlike the photovoltaic cell
that generates DC, we can generate AC having characteristics of power compatible with the utility
grid. Of course we've got to have close control of frequency and voltage and there are ways to do
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that over a wide speed range with field modulation. There are times in the solar cycle when no
heating or coolin) is required, i.e., spring and fall, and there is very high solar insolation.
It is inviting at these tines to nahe electricity. Hopefully by building a motor/generator
corbination, we can either drive tue unit with electric power or feed power back into the grid.
At this point I don't know how nuch power might be available.

NHeuton: Total to the nouse is what we're talking about too.

Eibling: Uell, another option is, instead of connecting with the utility grid, to use what power
you can generate in your own household using some reasonable amount of eneragy storage.

Heuton: I guess the last specific question to you deals with what's the lowest temperature at which
you believe this system could operate and I don't know whether this means at full load or part
load but you could perhaps comment both ways if you want to. »

Eibling: I don't yet know the answer to that. Engineers want to operate at the highest temper-
ature possible for maximum efficiency. I'd like to see 180 to 20D degrees F minimum initial tem-
perature, which of course is obtainable with a flat plate collector. If we go to higher temper-
atures, toward 300 or 491 degrees F, where we will have to use a concentrator of some sort, and

vie may lost the advantage of a single fluid, i.e., if the expander operates at a much higher tem-
perature than the compressor, we may have to use two different fluids. So there is a tradeoff here.
But initially vie would like to look at the flat plate as one case study, and then look at 400 or
500 degree F initial temperature as a second case study.

flewton: I think I'11 make one corment ryself on this temperature quesfion, with this type of
syster and the fact that we're using a fluoro carbon type material., Quite a bit of work has
been done to identify the top temperatures that you can use, and as soon as you get up in the
400, 500 degree range, you're probably limited to just tuo or three materials as we know today,
unless you want to spend maybe $30 or $40 a pound. The most promising material of all as far
as I know would be R114, and a great deal of work has been done with R114 at temperatures of

up to 500 or 609 degrees. You have a big advantage here in not having oil in the system. It
vwon't tolerate those temperatures with oil, so these are just some side comments that we could
have. HNow I guess the next step is to open up with some general questions.

Lokmanhekim, Hittman Corporation: 1 have a question to Professors L6f and Beckman:

They mentioned in their presentation that they use eight cities for models. To my knowledge
tnere are several stations in the United States that have been data recorded and there are limited
amounts of solar radiation recorded, and much of the data are not consistent. S¢ since this
is the case, the question is: How they build up their solar radiation data in their simulation
model? ‘lhat kind of equacion they use for the direct component of radiation and the diffuse com-
ponent of the radiation? In the diffuse component of the radiation did they consider radiation
from the ground and radiation from the sky?

The second question is actually a corment. Professor LOf mentioned that “What matches »
suppiy?" I think we have to clarify this statement. As you ASHRAE members are familiar with
the 1970 guide and data book, there are three terms in the ASHRAE energy requirement. One is
heat gain heat loss, the other is cooling or heating load and the other term introduced heat
reaction or heat supply rate. [ agree with the statement that you make, heat gain or heat loss
match with the supply however, it never matches with the loss because we have to consider the
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dynamic response of the building, heat storage effect of the air inside the building, heat
storage effect of the furniture, heat storage effect of the floor, efc. So we have to analyze
this thing because I don't think there is a building which has a maximum cooling load at 12
months, which is your heat gain maximum. As most of you know that ASHRAE Task Group on Energy
Requirements built up digital computer models to simulate the building heating and cooling energy
reguirements. In IBIH computers like the 373-155 our load calculation and system simulation does
not exceed in the order of $53 per year, for an hour by hour simulation. [ was wondering why

the Beckman figure of $1J a month is so high. Another suggestion is the people from Hisconsin
might consider just using few hour of each month to predict what happens. [In other words, linear
type solutions. And also, we have to really consider definitely the change of the room tempera-
ture. Because of the dynamic effect of the control system the room temperature might be any-
where between 69 1/2 and 74 degrees. So are these things considered in their model?

L6f: I agree on the corments on the thermal lag and the dynamic effects of the masses in the
house. Our model was a very primitive model and did not include these at all. Bill Beckman

was very generous in his comments in not pointing this out. Really it is a primitive model and
doesn't include that. It's a very important point. As far as the first question, the diffuse,
radiation is concerned, a regression equation was developed by my coauthor Dick Tibout on the
basis of some diffuse radiation data in four cities and the total radiation was s»nlit into direct
and diffuse by use of this regression equation. Then the diffuse radiation was assumed to come
from an entire hemisohere so in effect the effect of the surroundings was assumed to be 100%.
It's crude, but it turns out that with the amount of diffuse, you can be pretty sloppy with

this and still come up with what appears to be pretty good answers and I think Bill has a comment
on that point.

Beckman: A comment on how we handle the diffuse. Our assumption was that when diffuse is a
large fraction of ..e total energy, the total amount of energy is usually small. OQOur assumption
was that all diffuse comes from the vicinity of the sun and the error involved, as George points
out, is reasonably small. That is a different assumption than George made. Peoole have argued
these two points for many years, and [ don't think there is really a definitive answer on how
you should handle $t. As far as computer costs are concerned. We developed a model that tried
to simulate the dynamics, not just on an hour by hour basis, but on a quarter hour, or eighth
hour, or whatever was necessary in order to maintain an integration accuracy below some vaiue.
The program automatically locked at haif hour steps if it was necessary, or quarter hour, o
eighth hour. Ye had to linearly interpolate the hour by hour solar radiation values because some
of the equations are unstable if you ook at time periods on the order of an hour. When you
do 8,000 hour by hour caiculations, maybe we really did four times that many quarter hour calcu-
Tations.

It's ridiculous to do tiie same house model over and over again when you're just varying
the collector area. The house maintains a roughly uniform temperature, and all the loads on
the house in that same climate are roughly the same. So we're going to run the house once and
then couple it with different solar energy systems, and significantly reduce the cost to a
few dollars for a year. It would still include the dynumics of the building and control system.
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Harry Buchberg, UCLA: It wasn't clear to me, George on your diagram just how you handle the
auxiliary heater in the cooling mode, It appeared to me that you were not actually boosting
the temperature from the main supply tank and if not, I would Tike to comment on why not.

LOf: Your interpretation is right. We use either the heat from storage or heat from the aux-
iliary heater, but never both at the same time in the cooling mode. The reason for this is that
if we try to boost the storage fluid temperature by means of the auxiliary unit, we get into

a situation such as Bill Beckman mentioned; we're supplying heat from the auxiliary unit to
storage. This is undesirable because this fuel heat would occupy useful storage volume and
secondly, collector temperature would increase and efficiency decrease unnecessarily.

John Boretz, TR: One question is how critical is the over temperature problem associated with
the solar collector in the event of the loss of circulating fluid? i1l this increase the pos-
sibility of damage or greatly increase the cost to build the solar collector to take into account
a possibility of a 300 to 400 degree temperature due to loss of the operating fluid during the
day, let's say on a hot cooling day. The second questicn I have is that we haven't discussed

at this workshop at all the possibilities inherent in cold storage and I was wondering why that
hasn't been discussed, and thirdly, the potential associated with the regenerative'r heating

of the fresnh air supply to a house that might have to have up to maybe 303 fresh air supply hasn't
been discussed here either.

LGf: As to the danger of over heating, we are not going to use any material in the collector
that won't withstand 400°F because of the problem you mentioned. [ think any collector has to

be fail-safe. Even during construction, it can seriously overheat unless covered. [ shall refer
your second question to my colleague, Paul Wilbur. who has looked into the storage of chilled
product from the air conditioner. In answer to your third question on fresh air makeup, we're
going to have about one air change per hour in the house. Regenerative heating of this air would
be a heat conserving measure which could be -onsidered, but we have not done so. We are using
our "ground rule" that this house should be typical of today's design.

Paul dilbur: We're involved presently with the Hestinghouse part of the three company program
in evaluating solar heating and cooling systems. The idea that we have been examining or one of
the ideas includes generating refrigerant during peak solar heating hours, storing that refriger-
ant until it's needed, then transferring heat from what is usually used to store hot water in
the winter months. lle're actually cooling that down tc the cooling tower or a possibly an air
heat exchanger so that we have cold water system for transferring the heat frem the absorption
unit. The difficulties with this may involve control, they may involve the costs of the lithium
bromide solution that has to be stored in the system. le're presently doing a dynamic simulation
to determine whether or not this is a viable alternative.

Hewton: I think I can make a comment myself. ['ve had a question or two about some of the early
vork [ did in the early 1930's on storing cold and this dealt with night radiation, sky radiation
at night. I think it's something we ought not to forget, but one of the problems is the difficulty
of having a collector which can both receive sun radiation and prevent reradiation and then at

the same time, radiate at night. You're defeating yourself and the work at thaot %ime indicated
that you needed two collection systems. ilaybe sometime we can find a way of handling that with
only one.




Harold Horowitz: Yes, I'd 1ike to respond to one of these questions because it's a general
question tuat I've Leen receiviny yesterday and also this morning. People have been coming to
we and sayinyg, "Why don't you yive us a chance to talk about some new collector ideas?" Perhaps
some collector ideas that will give us higher temperatures and I've been telling them no, and
people tuis morning have been coming, several, and have wanted to talk about other kinds of
approgaciies to this problem which don't use this solar collector. I said no to some of them and
['m saying no to the others that I haven't said no to now. Also the reason why we're not
including storage in this workshop, is the same kind of question, and I'm sayiny no to that
except as it might come out in one of che system studies which is related to the cooling sub-
systems which is the objective and central purpose of this workshop.
I am trying to go from the very general broad scope workshop which we had last March, to
the worksnop that we're having today, and hope tnot more workshops that we hope to have will
now be concentrating on these special areas because we're beginning to find that we have enough
material to make that kind of concentration possible. And of course it irritates people who
want to talk about the related subject matter, and I can understand that but the reason for not
bringing 1n the related subject matter is because you're going to be up until 11:30 tonight
Tistening to presentations on cooling and we won't be finished until tomorrow lunchtime, with
presentations on cooling. We have just that much to say about cooling and we just don't want
to stretih this meeting out over the weekend, because that would probably make you just as unhappy
as leaving out the collectors and the alternative approaches and the storage components. Yester-
day, when we discussed our general plans we mentioned that we're thinking now of having the next
workshop sometime later this year, where we would try to cover some of the new work in collectors
and some of the new work in storage systems. I hope you all come. There are some interesting
things to say in those fields. We're making progress in those areas. In some respects with
collectors, we're further ahead than we are with cooling and further ahead than with storage.
But we're trying to make some progress along the whole front. In the area of the non collector
solar approaches so far, we have made only one grant out of this program. It's Timothy Johnson
at NIT and he's studying variable membranes which can be controlled to selectively transmit solar
radiation into the building or reflect it. The concept there is that the whole building is
the collector and by the proper choice of membranes and by manipulating them, you can reradiate
radiant energy generated within the structure. Reflect radiant energy impinging on the structure
and transmit radiant energy into the structure. !ow the obvious allocation for that is the
inflatable structure which we're seeing more of in the United States, but also the possibility
of putting such variable membranes into frames which could become part of a roof or wall. Now,
that project is just getting started. We understand that the progress so far is better than
was anticipated in the proposal. One of these days, we're going to create an opportunity for
them to tell you about it.
We have another proposal that is generally related to that area which is now in the final

- end of the processing pipeline at NSF, and I hope an award will be made very soon. If you recall

the November 1973 program solicitation had a category B, which invited proposals of this sort,

vie were very surprised with some of the ideas presented. There were some great ideas presented
. under that category, and as a matter of fact, the evaluation panel for that category came as

close as any that I can recall in unanimously agreeing that one was the best and standing up

and cheering because they were so happy with it, and they estimated that if it turns out to
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be as good as the proposal locks, it could revolutionize the whole construction of buildings.
Well, I don't know if that's true or not, but we hope to be funding that project in the next
couple of months, perhaps one or two more in that category and so sometime, perhaps this coming
fall that way be a little optimistic, perhaps next spring, we'll be trying another workshop in
that area to give exposure to those projects plus new ideas along that line and that's the reason
I'm saying no to you who would like to broaden this workshop to include these other subjects.

Dave Sutton: The question has come up a number of times on the size of the heat transfer surface
areas. Phil Anderson in his discussion gave us an idea of the overall size of the absorption
air conditioning package which I believe Phil said also includes the evaporator heat transfer
coil. Might you comment on the size of that coil as contrasted to the one used in the typical
vapor compression system and also on the size of the cooling tower.

Anderson: I would say that the evaporator used in the unit itself for cooling is somewhat larger
than normally used in the vapor compression machine. Remember, we're handling vapor at very

low pressures. The specific volume of the vapor is quite high there, so we have to have larger
tubes. For example, the tube diameter outside is 1 1/8 as compared with what you normally have

in the vapor compression cycle. So this evaporator is larger. Now on the heat rejection, vou
recall that in the compression machine you reject your heat in the condenser. In the absorption
machine you reject your heat in the condenser and in the absorber. So essentially, you're reject-
ing heat twice, so therefore you would have to have a larger tower. 1t doesn't follow that you
have to have a tower twice as large because instead of rejecting heat at let's say 90 degrees,
ve're going up to about 105 degrees, so the size of the tower would not be double the tonnage.

Anonymous question: I would like to ask maybe Lof or Anderson some questions along the same
line which relate to the conditions under which some of the components are working. Specifically
in the system Lof is now putting together which is now under construction, at what temperature
does the lithium bromide boiler actually work and then for Anderson, what is the output relative
to the full load design point in the sense you indicated before? A second question for LOF,
what is the temperature output of a solar panel and where are the temperature drops along the
processes as you go from the panel to the lithium bromide boiler? Then if I could ask one Jast
question, what is the adjusted efficiency of the solar panel in the sense that Beck ccmmented

on and how does it compare to a nonadjusted efficiency. I know these are not single points, the
system dces not operate at one single point, but you know, if we had information of this type,
it could help us to just take one glance at one point or typical point and see just what these
pieces of equipment are doing from an effectiveress viewpoint.

Lof: The temperature of the heat exchange fluid, nominally delivered from the collector will

be around 200 degreec F in the summertime. This will vary from 180 to 210 depending on condi-
tions. The circulating pump is operated by means of sensors in the collector and in the storage.
We run it when heat can be delivered to storage at about a 15 degree difference. If the collector
delivery temperature is 180 to 210 in the summertime, the temperature difference in the heat
exchanger would be about 10 to 15 degrees to water in storage. The water storage temperature is
limited to a maximum of 202, which is the boiling point. The supply to the lithium bromide unit
will normally range from 170 to 195. The overall seasonal collector efficiency on the basis
Beckman discussed should be about 30%.
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Anderson: I'd like to ask once again, what is the specific question on the temperature?

Question: If the temperature to boiler stays 180 degrees, say one of the lowest temperatures,
what is the output of the unit in relation to its design point full load?

Anderson: Let's come back to the conditions I quoted originally, that was for 210 degree water
in. Tne generator temperature at that time would be probably 186 degrees and that would be full
Joad. How as you drop down say the cutoff point for 85 degree water would be probably about

192 to 1)4 where you're getting 60. of your input. Your generator temperature would drop down
accordingly. Does that answer your question? Now you're putting about 6 % input in and you're
getting about 60, output.

Lof: There might be a Tittle confusion here because we're operating at a cooling water temper-
ature of 75°F and I believe the numbers Phil Anderson is talking about apply to operating with
cooling water at 85°F. The lower temperature permits operation with generator temperatures down
about 10 degrees. Is that right?

Anderson: That's right. I intended to make that point but I got to talking about the other
temperatures, and forgot to mention that they are operating with the 75 degree water which of
course, lowers that point.

L8f: 1'd like to ask a question of Jim Eibling. How do you deal with speed variations of the unit
when electric networks operate at constant frequency?

Jim Eibling: e could put a speed controller on this device and keep a constant speed, but I'm
told by electrical engineers, there are devices that will take care of your voltage and frequency
with variable speeds, quite a wide range of speed, in fact.

Charles Grant, University of Southern Mississippi: I'd like to ask Lof, whac are the initial
costs on this 1500 square feet house of a production line installatics, are .hey in the neighbor-
hood of $6,000, $12,000 or what?

Lof: There are a number of answers to that question. I think we have something like $10,000
in our construction budget for the entire system, including the air conditioning unit. I can
give you a few items of cost, but I can't tell you what the total will be, because I don't know
what our labor costs are going to be. The solar absorber panels are going to cost us 67¢ per
square foot, the glass is going to cost about 35¢ a square foot per sheet and we're going to
use two sneets, insulation 10 to 15¢ a square foot, and support hardware about 25¢. So the cost
of materials will be S1.50 to $2.00 per square foot of collector. I don't know what the labor
of assembly is going to cost, but it's going to be substantial. The collector is going to be
built up on the house. Assembly of components, cost of the storage tank, the control system,
and other items must then be estimated. I would estimate, that on sizable production volume,
which I believe the questioner indicated, the total cost with the air conditioner would be
something like $5,000. Without the air conditioner, I would guess about $3,000. That's about
as well as I can do until we obtain more data.

Charles Chen: Those of you who have not had a chance to ask questions, we're going to continue
this afternoon on the same topic. I would like to thank our morning speakers for their enthusi-
astic participation. The meeting is adjourned.

PLEASE MOTE: Questions and answers on this session are carried over into the Question and
Answer part of Session III.
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Jession LII. Absorption and Heut Puap Systems - Farber
AMMOHIA ANHD OTHER ABSORPTION SYSTEMS USED IN SOLAR APPLICATIONS
Erich Farber

University of Florida

First of al1l I might mention why 1 became interested in solar energy. ‘hen I was in high
school and studied history, it occurred to me that the growth of civilization and its development
was directly proportional to the amount of energy they had and used. When I looked where this
energy had come from, namely the fossil fuels, ii looked 1ike a savings account. As we draw on
it, sooner or later it will be used up. Everyone agrees with this but not everyone agrees to when
this will happen.

Looking around as to what else we could use when the fossil fuels run out, the only energy
source iarge enough and permanent enough which I could find, and which could be classified as
income, was solar energy. Therefore, my philosophy since then has been to show that we can
coavert this source, our only energy income, to all the forms of energy whiciki we use in our daily
lives. We have so many different devices in our iaboratory because we are trying to show (whether
it is economically competitive at the present time or not) that we can actually use solar energy
for everything we do.

1 feel we will always have to use all our energy resources fossil fuels, nuclear, wind,
geothermal and naturally solar, etc. Fossil fuels should be reserved as much as possible for
medicines, fertilizers, pesticides, preservations, plastics, etc. which are just as important
to our survival as energy. HNuclear energy has potential hazards in riots, sabotage cnd wars.

We are discussing solar cooling, however, I observed that very few participants restricted
themselves to this, and 1 shall do the same Since I do not believe you can consider one thing
by itself and isolate it from all other things which affect it. lle have to Took at the over-all
picture, economics was mentioned many times, since if we consider solar cooling by itself it
is definitely not competitive at the present time. If we combine it however, with heating, hot
water and swimiing pool heating the picture changes. One good example was Dr. Léf's slide this
morning. I wish he would have shown the one he had a year ago where he considered only heating.
It shiowed that solar heating in Hiami, comparing the same towns, was about the worst place to
use it. Today, when combining heating and cooling, it showed that Miami was the best place to
use it.

Our support from the National Science Foundation is to develop a data base from the things
we have done, plus new things for solar cooling. In doing so we have to make a thorough liter-
ature survey. We developed tables of solar insolation, which were mentioned several times already
by others, because when working with a source it is important to know how much of it is available.
» This saves the necessity of having to make all the calculations every time. We looked at refri-

gerant and absorber combinations and found, as we found 20 years ago, that there exists a tremen-
dous lack of information. There are thousands of combinations possible, but there is not enough
. data to really analyze these combinations. So eventually one use ammonia and water or LiBr and
water.
There are other combinations and they look promising but more data has to be developed.
In talking to some of the people from industry, they have combinations of organic substances
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that they eliminated in the past, because in the temperature ranges they worked with, thase
combinations ecompose. In the temperature ranges, however, in which we work, they may be very
good. Unfortunately, much of this information is proprietary and therefore not readily available.
However, as I understand it, some of the companies are trying to obtair support from the National
Science Foundation which I hope will allow ‘o study these combinations,

In looking at these combinations, we have to consider absorption rates, heats of solution,
concentrations, heat transfer characteristics, water cooling versus air cooling, etc. With air
cooling more non-solar energy is needed to power the system. With water cooling, water has to
be available but could be recycled. In most cases this would not be a problem since more than
half of the total tonnage of air conditioning is water cooled. True, in small units at the
present time because of the low cost of electricity air cooled units outnumber the water cooled
ones. MWith the rapid increase in electricity cost however re-evaluations are being conducted.
Cycle analyses with these various combinations are necessary to determine what actually gees
on in every part of the system.

Many people feel that we have to use presently available commarcial equipment and just change
it slightly to fit the new conditions. Much work went into the design of these systems to opti-
mize them for the conditions under which they were supposed to operate. With solar energy, we
may have to fit equipment to different operating conditions, and it should not be more difficult
than it was to meet the old conditions. It is much more difficult to take equipment designed
for certain conditions and make it work at different ones - even if modified.

In doing this work we have help from many other people, I like to especially mention Dr.
Phillips, who has for many years been with Servel in absorption air conditioning and then with
Whirlpool and now has his own company continuing the same type of work. We also have the support
of a marketing company with Mr. Parker, vice president of Miller and Associates.

To show you what we are doing, I'd 1ike to show some slides. I use Figure 1 as introduction.
For thousands of years until very recently we lived off sclar energy alone. Even fossil fuels
are nothing but stored solar energy and we are using it even now. We are probably doing the
very unusual in the Universe since solar type of energy is very abundant throughout space but
not in many places does one burn coal, oil or gas. Ne have only a spike and that is all that
fossil fuels can provide. Therefore, we have to stretch and conserve our fossil fuels as much
as we can.

We should build buildings to conserve energy and certainly we do not do this today. UWe
did before air conditioning became popular and we built buildings so that people were comfortable.
With air conditioning we could build buildings any way we wanted to. Some are essentially a
glass box, collecting solar energy and then by brute force, burning fossil fuels, that energy
is thrown back out again. The other extreme are buildings without windows. You need lighting,
and lighting is very inefficient, producing tremendous amounts of neat, and as a result you have
to leave the air conditioning running all year around to keep the building comfortable. Neither
design makes much sense.

As far as air conditioning is concerned, obviously we can use conventional methods. All
we need is some mechanical work to operate a compressor and do the standard air conditioning
or refrigeration job. Figure 2 shows a Stirling engine. The solarly operated Stirling engine
in this particular case pumps water, it could drive a generator and produce electricity or it
could drive an air conditioner, or refrigerator. This method requires solar concentraticn.
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Unfortunately, one can only use the divect radiation in this manner, and could not do anythiny
with such a system on « cloudy day. Besides a tracking mechanism is required and this compli-
cates the system and makes it more expensive and less convenient. One can do the same thing
with flat plate collectors, taking a proper fluid, which at the flat plate collector temperature
produces vapor which operates a vapor engine, flows then to the condenser, and through a little
pump which is driven by the engine right back to the collector. Figure 3: Again you get mechan-
ical energy. Figure 4 shows a Freon engine, which has been operated in this manner. Th2 advan=-
tages of the latter system are that it will use both the direct and diffuse portions of the
solar energy and can work on partially or cloudy days. This method of also providing a prime
mover allows the use of conventional air conditioning or refrigeration equipment.

Figure 5 shows a Servel refrigerator which we operated about 20 years ago with solar energy.
We used a concentrating collector which concentrates the solar energy on a pipe and heated 0il
up to 800 F and then circulated it around the heat exchanger where the gas flame used to be.
This unit operated very satisfactory for many months but it is not an economical system and
if we had not had the concentrator in our laboratory we would not have done it. I understand
by talking to Dr. Anderson, that they did something similar at Arkla.

For best performance one should use the diffuse portion of solar radiation as well as the
direct portion, and therefore non concentrating collectors must be used driving a lower temper-
ature absorption system, of either intermittent or continuous type. An intermittent system
consists of two tanks with heat exchanger coi’s or tubes. In one of the tanks one may have an
ammonia-water solution. Figure 6: Heating the solution with solarly heated water drives out
the ammonia, which is condensed in the other tank., This is the charging mode of operation.
Letting the solution cool will allow the reabsorption of the ammonia. The evaporation of the
ammonia requires heat and this provides the cooling effect desired. We operated one of these
intermittent systems for several years. For this system the charging mode was 1/4 of the total
operating time. Continuous cooling can be obtained by such a system by using cold side storage
such as chilled water which is used while the system is charged again.

The rezsun we selected ammonia and water are several but among them that this combination
can be used both for air conditioning and refrigeration. It is a positive pressure system and
small leaks of refrigerants do not render the system inoperative. It is a non corrosive system.
The choice of refrigerant absorber combinations is not critical and with new substances and
combinations becoming available, we may well use some of them.

Figure 7 shows a half ton unit of the intermittent type. We built several such systems
in our laboratory and operated them of solarly heated water. Figure 8 presents the cycle of
this system and we can 4o into detail during the question period. Here operating with an input
temperature of 170 F and an output temperature or cooling temperature of 85 F, the concentrations
are from about 47 to 60%. This allows operation with temperatures below 200 F which are easy
to obtain from stationary flat plate collectors of reasonably economical design and for a good
portion of the day and not only during the noon hour when conditions are best. Figure 9 gives
the performance of this system.

Cooling can also be accomplished by a continuous system. Figure 10, a schematic of our 5
ton unit consists of a generator which is driven by solarly heated water. This provides the
ammonia which is condensed, allowed to flow through the expansion valve into the evaporator where
the cooling is done. Then it flows through a heat exchanger to increase the efficiency and into
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the absorber where the ammonia vapor is reabsorbed in the water. A small pump circulates the
solution back into the generator where it starts the cycle over again. The water only flows
between the generator and the absorber.

Figure 11 gives the performance during a day operating directly off the solar collectors.

If operating off the stored hot water any air conditioning rate could be obtained and maintained.

Figure 12 shows what the equipment looks Tike. It was built almost 20 years ago with limited
funds, using material and parts available. This made the unit much larger tham nacessary. The
collectors are close to the horizontal, inclined properly for summer time operation. For both
heating and cooling, thus year around operation, they would be inclined to the latitude plus
about 10 degrees. The intended use of the collectors determines the best angle to be used.

To convince people that solar air conditioning and refrigeration units do not have to be
large we built a small unit, Figure 13. In this unit since it was used mainly for refrigeration
the solar collector and the ammonia generator were combined intc one unit. This eliminated the
heat transfer loss. Cold side storage was used for cooling when the stn does not shine. The
anmonia was generated in the solar collector, then is moved into the ctndenser, through the
expansion valve, into the evaporator where it cools a brine. The brine circulating around a
container filled with water freezes it. The ammonia vapor is then reabstrbed in the absorber
and pumped back to the solar collector to start the cycle over again.

Figure 14 shows the small ice machine, a four by four foot unit, with the rest of the
equipment right underneath or behind it. The whole system is not much larger than the solar
collector part.

Figure 15 gives a typical day's performance. It was a day in April giving the solar radia-
tion, the generator pressure, the generator temperature, the amount of ammonia generated and
most importantly the amount of ice generated per square foot of this collector. Up to 10:00 A.M.
the system and water were cooled and then it started forming ice and continued forming ice until
Just about sun down. On this particular day the system produced about 2.7 pounas of ice per
square foot.

It was mentioned by others that maybe a better route to go is by producing electricity
from solar energy and then run conventional air conditioning and refrigeration sytems with
electricity. This is far from being practical for economic reasons. Figure 16 shows a, system
used in our solar house to produce electricity. It is cheaper to use a solar engine and drive
a generator, but one can use a solar cell panel like this one. This panel was designed and
intended to be used on a satellite. When it was not needed it was given to us by NASA for an
indefinite period. The electricity produced by the panel is stored in a battery and then converted
as needed from 12 volts DC to 110 volts AC to drive lights, radios, television, small appliances,
etc. lle have this demonstration but do not recommend this method since the panel cost $31,000.

Since about 85: of the energy requirements in our home, a typical home, go for hot water,
heating and air conditioning, the need for electricity is small,

Last year we put collectors on the roof of the house, replacing the 18 year old ones on the
ground, where they really belong and this reduces the air conditioning requirement tremendously since
now we have a shaded roof. Recently Popular Science wanted to use our solar house on the front
cover of their Harch issue. When they came to take the picture they felt they could not see the
collectors well enough and we had to provide them with a snorkel truck which 1ifiad them three
stories up into the air so they could get a good shot of the collectors. The collectors are
not too noticeable from the ground. For this reason estetics does not seem to be a
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problem. Chimneys we accept on roofs, and so most of the chimneys found in South Florida are
really water tanks protrudinyg through the roofs.

Figure 17 shows water couvled venetian blinds which can be used to control the amount of
sunshine and light to enter the building and at the same time to absorb the rest of the energy
to provide hot water for the building. Such combinations of use can be very beneficial and
ecoaomically advantageous.

Last night it was mentioned several times that social acceptability is necessary. We have
run into this. Low cost housing developments with solar water heaters were built a number of
years ago and about six months thereafter, the solar water heaters were removed. It took me
several years to find out why. The people living in this housing thought they were getting
sometning inferior, thinking that if others can have electric water heaters so should they.

The solar water heaters were quietly replaced by electric ones.

o utilize solar energy does not necessarily require ideal systems. Too many people believe
that all collectors have to face south and and have to be inclined at the correct angle, My
own house with windows and a large oak tree which provides the cooling is not ideally suited
for solar conversion. It is an older home and I added a solar booster to my kerosene water
heater which has a 30 gallon tank. [ put the collector flat on the garage roof which has the
wrong angle and is facing west. The collector only is in the sun in the afternoon. It is a
poor solar system but an excellent combined system since it reduces my kerosene consumption
more than 50%. Thus by adding solar equipment to existing systems great benefits can be obtained.

Right now several bills are before the Florida legislature with regard to solar energy.

One proposes to eliminate the sales tax on solar equipment. Ue have a number of solar water
heater manufacturers in Florida. Another proposes to give reductions in real estate taxes for
solar equipment used in a building such as water heaters, house heating, swimming pool heating,
etc. Another requires that buildings built after a certain date have to have their plumbing
arranged so that solar ejuipment can be addea without modification. Another proposes to set
up a solar center, etc.

Since many people are entering the field of solar energy with products, some of them infer-
ior, some guidance and protection for the consumer is needed. Standards, codes, certification,
svch things as UL ratings, etc. may be needed. Care must be taken however in implementing such
thirgs since the equipment must be evaluated under the conditions for which it was designed.

A swirming pool heater designed to operate under low temperature conditions cannot be compared
to a high temperature solar flat plate collector if they are tested under the same conditions,
realistic to neither one of them.

1'd like to close on a note which I shall phrase as a question, similar to the one Johr
Yellott raised yesterday. Going back to my Figure 1 showing how little energy fossil fuels
can provide from our savin}s and that we therefore have to learn to live off an income, and our
only incore of any magnitude being solar energy - "Do we really have a choice?”
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3ession IIT, Absorption and Heat Puap Systems - Allen
OPTIMIZATION OF SOLAR POMERED ABSORPTION SYSTEMS
Redfield Allen

University of Maryland

The University of Haryland has for about 5 1/2 months been engaged in an optimization study
of solar powered absorption air conditioning, under a grant from the National Science Foundation.
Dr. Frederick H. Morse, Or. Stephen L. Sargent and I are conducting this study with the assis
tance of three half-time PhD students. Viewgraph 1 presents the objective as the study of the
effect of system options and actual process factors on the performance and optimization of solar
powered absorption refrigeration. Phase 1 of the study consists of a detailed thermodynamic
cycle analysis of absorption refrigeration systems under steady state and diurnal conditions,
including collector and tracking analysis. Phase 2 is a combined absorption-collector-storage-
tracking, performance and optimization study on a thermodynamic and~heat transfer basis. Phase 3
is economic optimization and consequences.

The absorpt:on system aspect of this study deserves special mention because, while we in
a university possess a knowledge of thermodynamics, heat transfer and solar energy, experience
in the design and development of absorption units resides in the industry. However, while the
absorption industry conducts in-house studies of the type under discussinn. the constraints
of competition tend to leave the publication of optimization findings in the solar energy appli-
cation to a non-competitive group sucii as a university. In this situation it is to be expected
that a university would turn to industry for the detailed practical knowledge which only industry
possesses. Based on our recent and numerous contacts with the absorption air conditioning indus-
try, we feel optimistic about their sharing practical information of a non-proprietary nature.

e turn now to the system under study.

Viewgraph 2 is a solar powered absorption air conditioning system schematic containing
the collecwur, a collector orientation option, the absorption unit and two storage options.

The optimization study includes flat plate collectors and concentrating collectors as altern2ti,e
sources of heat to drive absorption units. Sargent is presently compieting moniticaiion of

a computer program for predicting flat plate collector efficiency for a large range of design
configurations and design conditions. The option of collector tracking is inciuded in this
study, and companion work is underway to determine the performance parameters of the thermal
heliotrope. This a passive bimetallic helical device using the sun to provide shaft power to
orient a collector. Since the empiiasis at this conference is on cooling, we will not be dis-
cussing the heliotrope. At the upper left in the viewgraph is shiown the incident solar radia-
tion QS. At the lower left is shown the desired cooling effect QE. At the collector, the
coolant discharge temperature is denoted by TC. QU, at the terminals of the collector, denotes
the useful heat output of the collector. At the right in broken lines is shown an optional

hot side storage device for smoothing out diurnal variations. In the steady state, this storage
device is bypassed and QU is converted into generator heat input, QG. This heat transfer process
is indicated as occurring at the generator temperature level TG shown at the far left. At the
intermediate temperature TI’ condenser and absorber cooling take place. On the right are shown
air or water cooling options. At the lowest temperature level TE’ the evaporator heat load, QE’
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enters the evaporator via the connection to the air conditioning coil and the optional cold

side storage device. When heat-transfer temperature differences are omitted, the absorption
cycle analysis can be fixed by specification of generator, absorber-condenser, and evaborator
temperatures TG, TI’ and TE’ respectively.

Viewgraph 3 repeats the three-tiered temperature format in a schematic comparison between
a combined Rankine cycle and vapor-compression (V-C) cycle on the one hand and an absorption
cycle on the other. The combined cycle on the left receives QS at its collector and the absorp-
tion system on the right also receives QS at its collector. The collectors supply cycle heat
input QG at cycle temperature TG' Overall, each cyclic arrangement produces cooling effect
QE at cycle temperature TE' The Rankine power cycle expander produces shaft work which flows
to the compressor of the vapor compression cycle. The absorption cycle on the right is a single
cycle. It has two intermixed fluid loops, whereas the combined cycle on the left has two separate
fluid loops. Heavy arrows denote heat flows of the two cycles. A close one-to-one correspondence
is seen when one compares the two systems with respect to these heat flows. At the bottom of
the viewgraph we see the theoretical Carnot limit for the maximum possible valuc of QE/QG.

The 1imit is based on the combined cycle on the left and is expressed as the product of the
maimum possible refrigeration cycle COP and the maximum possible power cycle efficiency.
The tarnot cycle analysis yields for a typical set of operating temperatures (200°F, 100°F
and 40°F); a maximum value for QE/QG of 1.26.

We next consider cycle irreversibilities relative to the theoretical Carnot limit. To
facilitate comparison with a lithium bromide-water absorption cycle, a combined Rankine and
V-C refrigeration cycle is assumed to use water as the working fluid. The vertical bars, in
the upper half of Viewgraph 4 represent the magnitude of QE/QG for the set of operating temper-
atures 200°F, 100%F, 40°F. The left-hand group of bars is for the Rankine and V-C refrigeration
cycle and the rignt-hand group is for a simple absorption cycle. The taliest bar is the Carnot
limit. Introduction of an expansion valve process into the cycle shortens the QE/QG bar the
same small amount for both. This shortening is ¢ ‘easure of the irreversibility. The subsequent
addition of an irreversible compression process having an adiabatic wet-compression efficiency
of 0.72 reduces QE/QG substantially. Addition of a Rankine cycle feed water heating process
introduces a slight irreversibility in the next step. Finally, introduction f an expansion
process with an adiabatic efficiency of 0.72 shortens the bar to the shaded length. On the right,
addition of the absorber and g2nerator also shortens the bar to the shaded length. It is seer
that by uhwusing compression and expansion efficiencies of 0.72 on the left, the Rankine cycle
and V-C retrigeration cycle irreversibility nas the same overall value as that of the simple
absorption cycle.

The lower portion of Viewgraph 4 is a plot of QE/QG versus the source temperature TGg The
intermediate temperature is assumed to be fixed 2t 100°F and the evaporator temperature is
assumed to be fixed at 4n%F. At an abscissa value of 200°F, the Carnot, the V-C/Rankine, and
the absorption ordinate values, respectively, correspond to the bar chart results. In theory,
the Carnot cycle and combined V-C/Rankine cycle have QE/QG trends starting at zero at TG =
TI = 100°F and these trends increase steadily as TG increases. But, in theory, the absorption
cycle does not produce any QE/QG until TG exceeds 175°F. Thereafter, as TG increases, QE/QG
rises sharply and forms a "knee" as it levels out. From TG = 175%F to TG = 200°F, the irrever-
sibility of the absorption cycle decreases. Thereafter, the irreversibility increases as the
curve levels out and the corresponding Carnot values continue to increase.
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Viewgraph § shows a conventional absorption system with a subcooling heat exchanger on
the left, between the condenser and the evaporator, and a liquid-liquid heat exchanger on the
right between the generator and the absorber. This is a modified absorption refrigeration
systenm.

Continuing with a discussion of equilibrium thermodynamic calculations and disregarding
pressure drops or temperature drops, we turn to results for simpie and modified cases. Viewgraph
6 shows a lithium bromide-water case based on an intermediate temperature of 80°F and an evapor-
ator temperature of 40°%F. The upper part of the diagram is marked TG/80/40. The upper diagram
shows the Carnot limit and the performance of a lithium bromide-water absorption system extending
out to the crystalization limit. A slight improvement is shown with the addition of a liquid-
liquid heat exchanger. The middle diagram shows the mass flow from the absorber to the generator,
”G’ divided by the rate of flow through the evaporator, ME' As the generator temperature is
reduced from 200°F, this ratio rises at an increasing rate. The ratio is independent of the
presence or absence of a heat exchanger in the system. More pumping power is required and a
larger Tiquid-liquid heat exchanger is required as TG is reduced. The bottom diagram shows
the ratio of absorber heat transfer, QA, to evaporator heat transfer, QE' Absorber heat transfer
is relatively insensitive to a change in generator temperature and is reduced somewhat by the
addition of tie liquid-liquid heat exchanger. The addition of the liquid-liquid heat exchanger
also reduces the amount of heat transfer in the generator.

Viewgraph 7 contains a family of calculated results for a lithium bromide-water cycle.

The designation in the upper left-hand corner of the top diagram, Tg/TI/SG specifies a 50°F
evaporator temperature. Condensing temperatures, TI= are 80°F, 100°F, and 120°F. Throughout,
the ideal liquid-liquid exchanger improves performance, especially at higher condensing tem-
peratures. It is notable that the cutoff point where the degassing breadth goes to zero shifts
to higher temperatures as the condensing temperature is raised. Referring to the three diagrams
frorm top to bottom, it is seen that as the evaporator temperature is lowered, the coefficient

of perfornance, QE/QG is reduced somewhat. The evaporator temperature is reduced in five degree
increments in contrast to the larger increments assigned to the condenser. Reading from the
bottom to the top we see that by raising the evaporator temperature, the cycle car be operated
at lower generater tomperatures.

Results for the ammonia-water cycle are shown in Viewgraph 3. The vertical span between
the solij line and the broken line is the penalty for not using a liquid-liquid heat exchanger.
The penalty is greater than it is for the lithium bromide-water cycle results shown in Viewgraph
7.

The jeneral configuration of the curves is the same for the ammonia-water and 1lithium bro-
mide-vater cycles. The point at which QE/QG goes to zero is located at a slightly higher gener-
ator temperature in the ammonia-water case. The cycle operating band lies between this lower
generator temperature limit and a practical upper gescrator temperature limit. The practical

upper linit is dictated by the occurrence of crystallization in the lithium bromide-water cycle
and by tne occurrence of decomposition of ammonia in the ammonia-water cycle. This ends the
discussion of absorption cycle calculations.

The solar collector has been very carefully modeled by Sargent based on a general heat
transfer program developed by Beckman at the University of Wisconsin. The cross-section of a
typical water-cooled flat plate coliector is shown in Viewgraph 9. The collector model is being
extended so as to take into account not only the temperature distribution in the cross-section
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normal to the direction of fluid flow but also the temperature distribution in the direction
of fluid flow. The lower part of the diagram shows the span between the inlet and exit of one
flow passage. The upper portion of the diagram shows a collector includinj cover plates, absorber
plate, and insulation. In this view node 6 identifies the cooling fluid, node 8 identifies
the outside of the collector, and nodes 1 and 2 identify ambient and sky respectively. The
first step in runnjng this program, apart from trial and error exercises, has been its verifi-
cation for a simple collector configuration. Calculated efficiency results aopear in Viewgraph
10. The quantity QU/QS is collector efficiency. Two computer calculations of collector effi-
ciency vcrsus fluid temperature rise are reported for an assumed incident radiation of 377 BTU '
per square foot hour, fluid inlet temperature 70 degrees, an ambient of 70%F ard a sky temperature
of 40°F. The load on the collector was varied by varying the fluid flow rate. The lower effi-
ciency curve is for the case of a flat black absorber plate with one glass cover. The flat
black solar absorptance is 0.92. The higher efficiency curve is for a selective coating having
a solar absorptance of 0.92 and an infrared emmittance of 0.10. Viewgraph 11 shows the fluid
temperature trend versus distance in the flow direction. The broken line represents the tube
temperature, vwhereas the solid line represents the fluid temperature. The tube temperature is
3%F to 30°F higher than the fluid temperature. Fluid flow in the tubes is laminar. Viewgraph
12 is an itemization of collector parameters and other features that can be included in the
collector computer program.

Viewgraph 13 presents a system consisting of a collector, an absorption unit and storage.
Also presented are typical collector performance curves and typical absorption cycle performance
.urves, with notations on storage ranges lying in between collector and abscrption cycle curves.
The schematic diagram at the top shows solar energy input QS falling on a coliector which delivers
useful heat output QU to the absorption unit and/or hot-side storage device SH' The absorption
unit carries cooling load QE and/ or cools the medium in storage device S.. Below this schematic
diagram, are shown typical collector efficiency curves plotted versus fluid outlet temperature
Tc for a low technology flat plate collector, a high technology flat plate collector, and a
concentrating collector, basud on a nominal mid-day insolation level. At the bottom of the
viewgraph are shown plots of absorption cycle performance parameter QE/QG versus generator temper-
ature TG' Results for the modified lithium bromide-water cycle and the modified ammonia-water
¢scle are represented by solid lines and broken lines respectively. The generator temperature
avscissa at the bottom of the viewgraph is vertically aligned with the collector fluid outlet
temperature abscissa. With this vertical alignment in mind we car. consider a horizontal span
formed by the abscissa value where QE/QG goes to zero for an absorption cycle and the abscissa
value where QU/QS goes to zero for a collector. In the case of the absorption cycle at TI
= 100% and the Tow technoiogy flat plate collector, the horizontal span is short. Within this
narrow temperature range, system efficiency has a low peak value due mainly to the low collector
efficiency. Use of the high technology collector would improve system performance and permit
operation over a wider temperature range on the abscissa. However, crystallization in the Tithium
bromide-water cycle places an upper limit on this temperature range and precludes use of the high
temperatures attainable with the concentrating collector. The ammonia-water absorption cycle can be
operated up to a decomposition limit of 350%F to 400°F and could therefore utilize the higher fluid
outlet temperatures produced by a concentrating collector. With the single-stage absorption cycle
incorporating a 1iquid-liquid heat exchanger, the absorption performance curve has 2 distinct "knee."
Once this knee is crossed in the direction of increasing generator temperature, an overall performance
improvement can only be obtained by use of a more soohisticated solar collector. ilse of a dual-eftect
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absorption cycle or a cycle ejquipped with overlapped generator and absorber functions would enable

the absurption cycle performance to respond positively to higher collector fluid outlet temperatures.

Also, higlier collector fluid outlet temperatures will have a more significant beneficial effect

when the finite temperature differences of the heat transfer processes are included in the analysis.
Qur future collector work will include modelling the high-technology flat plate collector

features appearing in Viewgrapli 14. Concentrating collectors will also be nodelled. In our future

absorption work we will continue with modifications of absorption cycle calculations including

dual-effect generators and overlapped generator and absorber. We will further consider finite

temperature differences in heat transfer processes and include pressure drops. Other viable

absorption pairs will be studied. We will undertake the modelling of system capacity response

to changes in collector temperature and connect the cycle model with the collector model.

Finally, we intend to interact with absorption refrigeration manufacturers in evaluating the

effect of actual equipment process factors on calculated performance.




OBJECTIVE - 10 STUDY THE EFFECT OF SYSTEM OPTIONS AND
ACTUAL PRUCESS #ACTORS ON THE PERFORMANCE
AND OPTIMIZATION OF SOLAR POWERED ABSORPTION

REFRIGERATION

PHASE I DETAILED THERMOBYNAMIC CYCLE ANALYSIS OF
ABSORPTION REFRIGERATION SYSTEMS UNDER
STEADY - STATE AND DILRNAL CONDITIONS, AND
COLLECTOR AND TRACKING ANALYSES,

PHASE II COMBINED ( ABSORPTION, COLLECTOR. TRACKING »
PERFORMANCE AND OPTIMIZATION ON A
THERMODYNAMIC BASIS,

PHASE 1t £CONOMIC OPTIMIZATION AND CONSEQUENCES.
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Sessio., LII, Absorption and Heat Pump Systems - Gilman
SOLAR ASSISTED HEAT PUMPS
Stanley Gilman

Pa. State University

What I'm going to talk about is different from what has been discussed so far. It's not
about absorption machines or residences, but about evaluation of a solar energy, heat pump assisted,
heating system in a commercial office building. The key components are electrically driven water
source heat pump units. The pioneers in this area were Bridgers and Paxton, as pointed out by
John Yellott in his presentation.

What really is the problem we're trying to solve? It is simply this: A mechanical consult-
ing engineer wants o design a commercial office building, solar energy, systen. He goes to
the ASHRAE Handbook and there isn't a word in it on how to design such a system. So the archi-
tect, reading all this information in the newspapers about solar energy and its potential, says:
"Can you design one?" And the consulting engineer says: "No, I really can't, there just isn't
any information." "Hill it work?" "I am not really sure." "How much will it cost?" "I don't
know."

So the architect goes to the builder and says: "I've got a very exciting proposition for
you. It's a solar energy commercial office building system. However, we have a few problems.

We don't know how to design it. We don't know if it will work. We den't know how much it will

cost. But we think it's an exciting project, and we'd like to do it." The builder says: "Not

on your life with my money, give me a conventional system."

The object of this research proposal which has been made to NSF, and for which a grant
award has now been made, is to fill this design data gap in the solar energy assisted heat pump
system literature. We hope to fill it quickly, so that design information can get into the hands
of practicing engineers soon. The building we will evaluate and obtain generalized information
‘on is in Albuquerque, New Mexico, and is shown in Figure 1. This is the Solar Building of Bridgers
& Paxton, Consulting Engineers, a firm of mechanical consulting engineers in the heating, ventilat-
ing, air conditioning industry. Frank Bridgers, one of the two partners in the operation, is
a past president of ASHRAE. In 1955 the firm designed and had constructed this tuilding for
their own use. The water-type, flat plate, solai collector occupies the entire south facing
wall., It is tilted back 30 degrees from the vertical. The building has 4300 square feet of
floor area, and the solar collector is 750 square feet, underground water storage tank holds
6000 gallons.

Juring the 1956 - 1957 winter heating season, Bridgers and Paxton collected some operating
data and presented a paper on this subject at the 1958 meeting of ASHRAE (Bridgers & Paxton,
1958). Some of the inconsistencies in the results were attributed to the fact that the weather
station was three miles away. Nevertheless, the solar collector appeared to supply about 50%
of the total heating requirements.

a In 1957, the economic analysis could not justify the system, but reference even then, 17
years ago, is made in the paper to the future potential of solar energy; viz, with the dimin-
ishing supply and the potential increase in the price of fossil fuels, such a system might
indeed have tremendous potential in the future.
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Figure 2 shows a floor plan of the Solar Building, There are five water-to-air packaged
heat pump units and one 7-1/2 ton water-to-water heat pump, which tcgether combine to heat and
cool the building.

The summer cooling mode is shown in Figure 3. The water-to-water heat pump in the center
supplies chilled water to the air handling unit in the upper right. There are a total of five
water-to-air heat pumps of the type shown in the lower right. The solar collector is not in
the circuit as it was used for winter heating only. In the summer, the closed circuit evapor-
ative water cooler was used to reject heat when necessary to keep the storage tank from exceeding
specified limits of temperature. The locp water system which runs throughout the building must .
be maintained within temperatures at which it can be used as either a water source or a water
sink. This is in the general range of 40° to 100° F.

The major heating mode is illustrated in Figure 4, In this case, the water-to-water heat .
pump is supplying hot water to the air handling unit in the upper right. On heating, all the
heat pumps withdraw heat from the water storage tank. During the night, the solar collector
is by-passed to prevent thermal radiation to the cold sky and hence loss of heat from storage.

The water-to-air heat pump cycles are shown in Figure 5. On the left is the cooling cycle.
In the process of delivering cool conditioned air to the space, the loop water heat exchanger
acts as a refrigerant condenser. Hence, it rejects the heat abscrbed from the space, plus the
heat equivalent of the compressor power input, into the water Toop.

The heating cycle is shown in the right hand portion of the figures. The warm conditioned
air supplied to the space is comprised of the heat absorbed in the water coil (chiller) by the
refrigerant, plus the heat equivalent of the power input to the refrigerant compressor,

consequently, the ideal situation exists when two units of the same size are on heating
and one is on cooling. At this time, the heat rejected into the water loop unit on cooling is
balanced by the heat absorbed by the two units on heating and the loop water temperature stays
in the range of 60° F to 90° F.

With regard to a typical commercial offic? building, heat from the interior zone is being
continually rejected into the loop water. On, say, a 30° F outdoor temperature and sunny day,
all exterior zone units are withdrawing heat from the loop/storage tank system at 6 A.l. As
the sun rises, the aast zone eventually requires cooling, so this heat is rejected into the
loop. Around noon, the south exposure requires cooling, and so on.

In the meantime, as the day progresses the people and lighting loads require more cooling
effect; hence, 3iround 4 to 8 p.r. considerable heat is being placed into storage. During the
period of about 10 a.m. to 2 p.m. the solar collector is also putting much heat into the water
storage tank, so the temperature of the storage water rises as the day progresses.

During the evening and throughout the night, the only source of heat is the water in the
storage tank. The heat pumps gradually withdraw this heat to supply the heating demands, and

the tank water temperature gradually declines until the cycle repeats itself at sunrise the next
day.

A simplified schematic of such a system is shown in Figure 6. The major elements are the
solar collector, the flywheel effect made available by the water storage tank and the heat pump
units. The lower the water temperature going to the solar collector, the more efficient it is.
Since such low temperature water, say 60°F, is not useable for heating a space, the heat pump
units are the key elements in the total performance of the system, as they can use this water
as a source and supply 100°F, or higher, air temperature to the spaces for heating.
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The objectise of this NSF sponsored research program is to Study and understand the dynamics
of such systems. Then, after collection and correlation of actual operating data with computer
modeling of the system, design information will be developed for consulting engineers to use
for such systems regardless of the geographical Jocation. In addition, the cost data will be
obtained so life cycle costs analyses can be made and the optimum sizes and configurations of
solar collector, water tank, etc., selected.

The results of this research should help fulfill the NSF objective, viz; to promote the
widespread application of solar energy systems.
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Fig, 1. Bridgers and Paxton Office
Building.

1350 -9,

ORAFTING ROOM = SEC A

/@

OFFKL CFFICE 2??‘
No, | to, 2 *

ORAFIING ROOM = SEC 8

P ‘E)

J_Lju >

A~ 2141 -0n, @

ERIC

Aruitoxt provided by Eic:

-

COMPUTER
100M

(0

6 Vd - OFFICE Off ICt
@@,,, /@L@ No, 5 No. 6

KOLAR COLLECIOR (FULL HEIGHTY

R0} —

R{CEPTIONIST

CONF
ROOM

48

MAIN [NTRANCE

Lo -

)] OFHC7[ OFFKE
No. Kt No, 8

«0in.

ADDITIONAL OFFICES WITH
I_ POOF TOP AR LONDITIONING

N

<|NF
FLOOR PLAN

o]
BRIDGERS AND PAXTON, CONSULTING [NGINEERS INC
213 TRUMAN NLE,, ALBUCUERQUE, NEW MEXKO

Fig, 2, SCUAROIFKLBLIDING

128




AR SUPPLY TO DRAFTING
ROOM

HEAT REECTED
TO OUTSIDE

~ EVAPORATIVE
WATER COOLER
~
*»
’ |>

SOLAR COLLECTORS

~ AR HANDLING
unIt

- DRAFTING ROOM
HEAT PUMP

[- WAILLR COIL
(CONDENSER)
N

}
@\ ~d©
COMPRESSOR

AIR COIL
{EVAPORATOR)

\

REVERSING
VALVE

CAPILLARY
STORAGE TANK, COLD WATER
STORAGE DURING NIGHT

TYPICAL INDIVIOUAL OFFICE
HEAT PUMP UNIT

Fig. 3. COOUNG witH HEAT PumPs

AR SUPPLY TO DRAFTING
ROOM

N

/— AUTOMATIC VALVE,

/  CLOSED AT NIGHT DRAFTING 300M

~~ AIRHANDLING
N
OPEN AT DAY TIME HEAT PUMP

UNTT

BYPASS VALVE OPEN
AT NIGHT OR W/
CLOLOY SKIES

RETURN
~asupery
jyed
NG WATER COIL
~ (CHILLER)
S
} T
~ N 1#0
| ~ ~
’ \({MPR[SSOR REVERSING
AR COIL v
) I (CONDENSER vawe

2 N— CAPILLARY
- svouc{s n{wx, WATER IN ~
TANK HEATED FROM SUN A
DURING DAY, HEAT STORAGE T L ANDIVIDUAL OFFICE
FOR 3 days WITHOUT SUN .

Fig 4. SOUARHEATING WITH HEAT PUMPS
© 7' HEAT EXTRACTED FROM WATER IN STOR TAMK

Q 129
ERIC 37

[GAN




SYSTEM WATER SUPPLY eruan
WATER com‘ WATER COIL
AIR COIL AIR COIL
(EVAPORATOR) {CONOENSER} (COnDENSER) \CHILLER)
e
COOL WARM
———
CONOITIONED CONDITIONED
wiftmna— wiftmna—
AIR AIR
b ] b e d
REVERSING
CAPILLARY CAPILLARY
AIR CONDITIONER COOLING AIR CONDITIONER HEATING
Fig. 5. Water-to-Air Heat Pump
Cycles. Cooling on Left. Heating
on Right.
NORTH EXTERIOR ZONE
] SOLAR
COLLECTOR
Y
NIGHT TIME
< < ~,
~ T~ Cad
8Y-PASS
A
N
? SOUTH EXTERIOR ZONE
WATER
b _é_
> STORAGE SYSTEM  SCHEMATIC
TANX
Fig. 6. System Schematic.
230
O VIEALS)
ERIC i

.




Secnion 110, Abcorpticn and deal Pump Syctems
Commentators: dJ. Marr Ayres (Ayres and Hayakawa)

Sanford Ueil (Institute of Gas Tech.)

Questions and Answers:

farx Ayres: I would like to make some starting conments before going to the questions. In 1948
Frank Bridgers and I were classmates at Purdue University, and I was living in a solar heated house
on the campus. Frank Bridgers was one of the fellou researchers and we discovered we had to put
refrigeration inside of a south facing solar house in order to bring temperatures down. It was

a great discovery in 1958. [ and really delighted to see that Frank, who put his own money into
tnat 1ittle building, is now going to have that effort exanined carefully and published again.

I think that's a great tribute to his foresight.

I would like to say also that the consulting engineers look on the panel and other solar
components emerging here as products to be evaluated in a system of many components in buildings.
Today, the technology calls for life cycle costing, with the use of computers over the entire life
of the buildings and the solar component is in that building as an option against many many other
options. So it will have to stand on its own tuo feet in the real life cycle costing. The only
other thing 1'd 1ite to say is that we've locked at a Jot of this stuff on the roofs and i work
with architects all the time and they won't accept the aestetics that you fellows are talking about.
I know one type of a force tiat won't accept them and that's our California earthquakes. We toss
things around on roofs so there is another cost here, in bracing and hiding that stuff on these
roofs.

I'd 1ike to direct the first question to Stan Gilman. The question is, "Mhat provisions will
be rmade for heat supply when extreme low temperatures and no heat in the storage tank prevail?
what electrical costs can be anticipated versus natural gas heating and conventional heating?"

Gilman: For periods of extremely low temperatures or several days of cloudiness, a source or
supplementary heat (oil, gas, liquified petroleum, or electricity) will have to be used. This is
why we are ralking about solar energy assisted heating systems. If you designed a collector to
supply all of the heat required at all design conditions, you would collect too much thermal energy
at a1l other times, and would have to reject it to the aunosphere through the evaporative water
cooler. One of the things we will be trying to determine 15 the optimum amcunt of solar coiiector
area. Off hand, I would judge that a good target would be 50 of the winter heating requirements.
Regarding electric power consumption, much depends on the specific application. With water-to-
water heat pump COP‘s of 4 to 5, system BTU requiruments in the range of 107 to 20% of conventional
independent heating and cooling systems should be attainable.

Ayres: Uhile you were making your presentation, many of us recognized the application as being
similar to the water heat pumps offered by many manufact vers such as :1ifornia Heat Pump, Singer,
and American Standard and so on, and one question is dive..ad to you here with regard to Singer,
where there has been quite a bit of publisned information on that and the concern is th2t ycu have
cxamined that.

Gilman: Somewhat less than half of the total couling capacity is supplied by water-to-air heat
pumps of the types mentioned. They do not happen to be Singer units, but all of these packaged
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heat purips have very similar performance characteristics. 1 am very familiar with all brands.
The majority of the cooling capacity is supplied by a water-to-water heat pump. This is an
applied or built-up system custom designed for the application. The object of the program is not
a study of heat pump performance. Rather it is a study and optimization of the basic elements
(collector, storage tank and heat pumps) as a complete system, together with the determination of
design criteria to obtain the maximum performance at the lowest life-cycle cost.

Ayres: Thank you. 1 guess we in California like to think we've invented everything, with names
like "California Heat Pumps." In any event, those of you who are not familar with that cycle.
they've put on the roof a boiler or a cooling tower and tie it into that circuit and what's being
disucssed here is the ability to get into that water circuit and use a solar collector. The other
has to do with the large conmercial buildings always being in this multiple heating and cooling
mode which takes me back to the question of stressing the initial energy conservation approach of
the building to minimize these Toads, and those of you who are not dealing in the commercial field,
know there are many many factors besides the simplicity of the house which is just a shell response.
I believe we have one final question for Gilman and that is, "Why did Bridgers & Paxton shut down
their solar facility?"

Gilman: They ran one winter heating series of tests and proved the principle. It was onerated
for about eight years after that but had to be manually operated to a certain extent. For example,
if there was danger of freezing, the collector had to be drained. When you drain water and refill
it in a device, getting all the air (a non condensable) out can be troublesome and time consuming.
In addition, the rubber return bands case hardened and some leaks sprung up in the system. Since
the system required manual attention and labor costs were rising, they simply put the collector on
permanent by-pass.

lleil: At IGT, quite often we have been approached by people with ideas on air conditioners, which

is one reason why I'm up here. They have new ideas on how to achieve air conditioning, and are
often showing us machines, nothing to do with solar energy, usually gas fired. People build these
machines and they to prove they have a valuable machine, they say, "see, if you put your hand there,
the air is coming out cold." Then it takes us a long time to go back through some calculations and
find out just what we are getting in terms of real numbers besides just something that will cool a
hand. 1'd Tike to make it my first question to Farber. In the ammonia water machine that was
described, unless it was in the fine print in the slides that we didn't see, we have no idea at

all of any measure of the efficiency, COP, what everyone will wish to describe the performance of the
machine, several people have indicated they would 1ike an idea of how well it performs.

Farber: Actually, the data was in the slides that did not come through and were skipped. Much

of this data is in the literature, and you can look it up. To give you ideas, intermittent

systems operate at a COP of about .4 to .6 and even under certain conditions to .7, continuous
systems operated from about .3 to .5. Again I might mention, it depends upon how you operate

these systems. If you tie it directly to the solar variation, obviousiy during the noon hours,

you get maximum output. On the other hand, you can go to a storage system and provide max. cooling
wher. desired. We used hot water, and you can operate the system anytime you want and your solar
radiation is really not tied in with the actual peak capacity and performance of the refrigerator.




Question: Another question that was asked was, what size ammonia water Systems can be fabricated
and still stay within the ASHE code maximum of six inch diameter vessels?

Farber: Well, you don't really have to Stay within the six inch diameter vessel only if you want
to bypass the code, but if you abide by the code, rules and regulations, you can go to larger
pressure vessels.

Weil: Tu present the data on ammonia ebsorption systems, when the collector was integrated with
the amrionia system, showed a two hour lag for the beginning of generation to the start of refri-
geration production. Do you have similar data for the system in which the generator is heated by
hot water?

Farber: VYes. Well with hot water it's a very short time. Maybe five or ten minutes, just enough
N to heat up the system, because you have the hct water. What you really have with solar energy

is early in the morning, the collector is hit by the sun at a very poor angle. So the output

of tae collector is very low and it takes quite a considerable time to get it up to temperature.

Weil: Several questi.ns were addressed to Allen, and I would also like to ask some questions on

my own. In this first and second law analysis of the absorption cooling machine coupled with solar
collectors, the first question I'd 1ike to bring up, is: What phenomenon determines that the lower
generator temperature limit of operation is so strongly related to the condensing temperature?

Allen: The lower generator temperature 1imit of cperation of an absorptinn cycle is determined by
two quantities., These quantities are the presssure in the generator and the concentration of the
solution coming from the absorber. The lower limit is therefore dependent on condensing temper-
ature because condensing temperature determines condensing pressure which, in turn, determines

the generator pressure. In the idealized cases studied, we took the generator pressure to be
equal to the condenser pressure.

\leil: Is there a limiting temperature differential between the generator and absorber?

Allen: Yes, at the point where the concentration of the stream coming out of the generator

is equil to the concentration of the stream coming out of the absorber there is no possibility of
obtuining refrigeration. At that point there is a temperature differential between the generator
and the absorber.

Weil: In this conneclticon, I didn't notice it on your graphs, but did you always assume that con-
denser and absorber temperatures are the same?

Allen: Yes.

We1l: Another question that was asked, related mostly to the lithium bromide-water system. In
usual .iiall Vithium bromide-water systems, pumping is achieved without using a mechanical pump.
Usuall, the pressure difference is maintained by a difference in 1iquid levels. Does this in any
way enter into your calculation? Another related question is: Can the minimum cut-off tempera-
ture of a 11thium bromide-water system be decreased if mechanical pumping is substituted for thermo-
syphon pumping?

. Allen: OQur claculations were based on an equilibrium (static) thermodynamic model of the vapor
production process in the generator. This is equivalent to assuming a mechanical pump in the system.
In the case where a vapor-1ift pump is being employed, there is an additional generator temperature
increnent needed to meet the dynamic requirements of pumping. As the generator temperature is reduced,

133
Q
191




ERIC

Aruitoxt provided by Eic:

cycle calculations show that the refrigeration capacity for a given rate of solution pumping is
reduced. Because of the additional temperature increment required with vapor-1ife pumping, the cycle
would cut-off at a higher generator temperature than the cycle with a mechanical pump.

Yeil: In the ammonia-water system that you analyzed, was any attempt made to optimize the utiliza-
tion of the strony solution, the solution coming from the absorber, and how it was treated in the
heat exchanger and the rectifier, or how it was used in the heat exchanger and the rectifier?

Allen: In the modified cycle calculations, we assumed the rectifier was cooled by the ambient
temperature instead of assuming that the solution from the absorber passed through the rectifier
heat exchanger.

Weil: My immediate reaction is thot tnis would tend to give a Tower COP by virtue of neglecting

an optinization of the rectification. There are two peopie who asked this question and this implies
that there is some question in minds of the audience. One felt that you did a first-law of thermo-
dynamics analysis of the cycle and wondered why you didn't do a second-law analysis.

Mlen: Ye were Tooking for reliable entropy data. When those data become available, we will
complete the second-law analysis.

Heil: [In a similar vein it was asked whether the collector should have its efficiency analyzed

in terms of availability of the collected energy rather than just the energy itself. Here again

one is presumably aiming at what you can do with energy that is limited by the second law as opposed
to just considering it as energy.

Allen: In the work reported, we were concerned with analyzing irreversibilities in cycles with no
heat-transfer temperature differences. We had not thought of analyzing the collector efficiency in
terms of available energy until heat-trancfer temperature differences were included throughout the
corbined collection-absorption system. One can evaluate the availability of collected energy as the
different heat-transfer events occur during collection and delivery of heat to the absorption machine.
In such an evaluation, the chosen environment temperature in the availability function would depend
on whether one assumed dry-air cooling or evaporative cooling. In the absorption-refrigeration case,
as with the Rankine cycle, it is certainly true that the available collected energy is inherently
less than the earlier-mentioned useful heat output of the collector.

eil: Yell, I guess the significant in availability is a measure of the second law of thermo-
dynanmics whether it is a significant limitation in this case could possibly be the question.

Ueil: Dr. Anderson, you have two questions here. The first one is, are absorbers other than
lithium bromide now being considered for the solar heating application? The other one is regarding
energy conservation and total energy consumed. The question is, what net economy is realized when
one includes the real life, electrical energy demands of the absorption system accessories?

Anderson: That has been considered for many years. Any number of combinations have been looked

at. There are some that have very good properties but we have a problem of what we're going to put
them in. leny of them are rather corrosive. It would not help particularly with the Tower temper-
atures that we have. They are primarily materials that would permit , ssible air cooling. For
example, you might consider sodium hydroxide or sulfuric acid which would be a very good absorbtant,
but we don't know what to put them in. Someone else has mentioned zinc bromide, 1ithium bromide and
that's a very good combination, Lut again we don't know just what we'd put it in because it's on the
acid side.
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Weil: The other question had to do with the overall economy of an absorption cycle. The question was,
real life electrical energy demands of the absorption system accessories.

Anderson: HNow the figure that I gave this morning did not take in account the accessories. What

I was giving was simply the input to the generator versus the output. Now we have to have some

means of cooling it. Of course if you~'re using city water, running it into the sewer, which I'm

sure no one would want to do, your power requirements would be very small. In the time when we

produced these units, we also produced cooling towers that went with them. 1 think on the three ton

ur.it we nad a total consumption of about 800 watts. That includes the fan and the pump for the cooling
+ tower. MNow we're going to have a fan regardless of what equipment we use. We're Qoing to have a

fan on the evaporator to move the air, That's probably another 400 watts that you would have no

matter what equipment you used.

Weil: Okay, those were the two written questions. I have two written questions for George Lof.
He'd like you to comment on Gilman's presentation gererally, but the specific question is, would you
please speculate on a step by step buildup of the cost from solar panel material data already given
to fuliy fabricated panel costs and to installed panel costs.

Lof: With regard to Stan Gilmans' presentation, I'm sorry I was out of the room when he answered
a question which I raised on how will that system handle extreme cold conditions vhen there is no
heat in storage. I presume electric resistance heating or ;uxi1iary fuel supply will be used. You
have a full capacity standby fuel supply? And now a general comment - I've always been disappointed
ir the idea of using a heat pump as a solar supplement simply because it cannot use the solar
collector in the summertime, A1l that valuable solar energy is wasted during that part of the
year when it is so abundant. The economics of solar heating are benefited by the application
of cooling through increasing the loaa factor as Bill Beckman has pointed out. But 1 certainly
think that efforts to develop a heat pump combination are in order, and I support them. I'm
not optimistic about this system becoming the ultimate solution however.

On the other question concerning a step by step costing buildup on the solar coilector,
I'm not sure just what the question means. I assume that the question refers to the total cost of
materials, the cost of their assembly and installation, now and in the future. I don't think
we know enough about these costs to quantify all the items. 1 think we're going to have to deal
in generalities at this point. As I have mentioned, the costs of the materials in the collector
that we're building w111 be somewhere between $1.50 and $2.00 per square foot. The costs of
labor rmay prove to be about equal to the materials costs, so the total could be about $4.00.
The collector is going to be built on the house roof, so this will be an installed cost. It
allows nothing for profit, nothing for overhead or shipping. So, at the present tine, a commer-
cially nanufactured collector might be priced at $6.00 to $7.00 per square foot cost. Again,
I'd like to predict a fairly rapia descent to $4.00, and with some of the advanced designs I've
seen and the substitution for roof materials, 1 think the $2.00 range is a possibility.

Weil: 1 think that concludes the written questions, so we'll turn it back to Charles Chen.
Chen: 1I'd like the questions from the floor.

Anonyi.ous speaker: 1 thought 1'd make one comment regarding Gilman's paper because I think this
use of neat purps to move heat around building may be very valuable to us, in the solar, heating
and couling field. Perhaps we don't all know that this originated just prior to World War II and
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was know as tie WS Stair Patert for many years. WS Sair is one of the real old timers in the industry.
He is still living about 91 or 92 and many of us must have known him. But, when that type of system
was first promoted and looking back at the application data, you will note that it was tied to the
changeover termperature of the building. The higher the changeover temperature, the more benefit one
got from this type of system and it also used other sources. For instance, ! can point to several
hotels that used this system and used the laundry water for heat source, and also delivered heat

when you wanted to get rid of it into the service water system. I'm syre we might be thinking of
these complete systems, but let's be sure we do as we apply them.

Anonymous Question: Dr. Farber indicated earlier a range of COP values from .3 to .6 I believe, I
wondered what the cooling uater temperaturcs were that were used when those COP values were obtained.

4

Farber: We used shallow well water at 72 degrees.

Anonymous Question: [ have a question for Dr. Allen. In the lithium bromide water system, when
we speak of crystalization, is it lithium bromide that's crystalizing in the generator or
not, where is it crystalizing?

Answer by Gene Whitlow, Whirlpool: The 1ithium bromide crystalizes, actually it's a hydrate and
the crystalization takes place primarily in the heat exchanger and simple blocks the heat heat
exchanger.

Don Spencer, University of Jowa: 1'd like to ask a question of Lof. It has to co with the heating
of the house even though this session deals with cooling. In Iowa, we 0.t.: have our clear days in
the wintertime when we want solar heat most after a storm which might leave a layer of ice or snow
on the solar collector. Has there been any thought given to techniues for removing ice?

Lof: Not to ry knowledge. This problem hasn't presented itself to me or my associated. I would
comment that the snow problem is not difficult, because the snow is sufficiently transparent to solar
radiation, that as soon as the sun comes out again after a collection of snow on the collector, a
thin layer melts near the glass and the snow slides off. I would suspect that something of the same
sort would happen with the ice and that you wouldn't have to melt the whole ice layer for it to come
off, but this is a speculation. lhile I'm up here I'd 1ike to pose a question to perhaps Redfield
Mlen, Erich Farber and Phil Anderson. I've been a bit disappointed today in that we haven't had 3
nore critical comparison of the ammonia system and the Tithium bromide system in absorption cooling
with solar energy. In view of the fact that the ammonia system requires much higher pressure and
requires higher pumping power to circulate the absorbtant, and is not under most codes permitted to
be installed inside the building, and still has thermodynamically, essentially the same performance
capability that the lithium .sromide system, why are we still working with ammonia system as a
possible user of the solar heat source?

Farber: Well remember now, that most of the people that we're talking about using lithium bromide/
water, and also ammonia/water absorption systems operating 200 degrees F. Because we believe

that we will have to work with temperatures below 200 degrees F, then you run up into concentra- ’
tions with lithium bromide and water due to insufficient pumping which give you this crystaliza-
tion probie, which you do not run into with ammonia water, and the pumping costs is not as great
as most people think.

Anderson: Actually in the units that we're talking about we're running with more dilute concen-
trations and we don't expect any problem with crystalization. We're going away from the crystali-
zation line instead of toward it. With regard to pump power, I think there is quite a difference if




you're going to make a ratio comparison. For example, an ammonia unit might use say eight hundreths
to a tenth of a horse power theoretically and a bromide unit might use say two thousands of a
horse power. We're still talking about relatively small horse powers.

Chen: I understand Arkla's three ton iiinium bromide unit was discontinued some years ago and
recently has become a very good seller because of che advent of solar energy.

Anderson: 1'd 1ike to point out that these units were and still are, of course, water cooled. With
the trend to air cooling, we supplanted those units with the aqua ammonia which operates up around
35C, 360 degrees F. It's an air cooled unit. These units are made only in the smaller tonnage,
three, four, and five tons.

Anonymous Comments: Two comments ong regardina that buildup of ice and snow in a solar house roof.
We had that experience this past winter at the Delaware house. The solution was that the collector
had to have a flush flat surface. Any projection tended to retain the ice and snow buildup. We have
in the Delware house some nuts sticking out from the roof, the way the surfaces retain on the roof, so we
came to the conclusion that we have to mount the collector in some other way that there will be no
nuts sticking out from the roof so that snow and ice can melt down. The second comment is regarding
a cooling system. I asserted that point earlier in another session, but I will tned to disagree
particularly with Dr. Anderson regarding some other systems, 1ithium bromide base systems. We had

a proposal to NAS in which we are proposing a lithium bromide, zinc bromide, mechanical system. Now
this has good advantages compared to the lithium bromide water system and I'd 1ike to mention a

few of those here. One of them is that the crystalization is not much of a problem with the lithium
bromide, zinc bromide, mechanical system compared to the lithium bromide water system. The Tithium
bromide, zinc bromide, mechanical system is less viscous than the other and lithium bromide, zinc
bromide, mechanical system has a larger pressure drop in the system so the system does not have to

be designed very carefully. The solar duty of the lithium bromide, zinc bromide with mechanical

is slightly better than the 1ithium bromide water system and furthermore of course, you can go below
zero temperatures so that you are not contined to temperatures greater than 32 F. There are other
advantages. Now as for the disadvantages that Dr. Anderson has been asserting regarding the corro-
siveness, this should also be dealt with but we should not close our eyes, to the possibility of the
system that he proposed.

Answer: I didn't mean to respond to the last part of his question or answer it but to the first one.
Before I moved to Florida, we obviously don't have any icing problems with collectors, I was

at the University of Wisconsin, and there we had some problems when I worked with collectors.
However, they were not very serious because the angle of inclination is so high that most of

the time it slides off. Since you use 2 cullector and you have some storage, you can always
circulate some of that hot stored water through the collector, warm it up a 1ittle bit and what-
ever is on the collector surface will slide off.
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Sesaion IV, lew Techuology - Lunde
SOLAR DESICCANT SYSTEM ANALYSIS AND HATERIALS
Peter Lunde

The Center for cie Environment and Man, Inc.

The Desiccant Cooling System

1 would like to talk about desiccant performance in solar air conditioning systems. A desic-
cant system is basically different from the other cooling systems. Figure 1 shows the basic
adsorption air conditioning cycle using a desiccant. The room air is drawn into the air condi-
ticning system where a regenerative heat exchanger heats the air to perhaps 100 degrees F. The
room air, which is wet to a 55 degree dewpoint, contacts the adsorbing desiccant material where
the water is drawn out of the air in an exothermic process. The heat is transferred to the outside
and the air comes out of the adsorbing bed at 110 degrees F. That is a fairly warm temperature
to go back into the :oom. lle have the regenerative heat exchanger to transfer some of the heat
back to the incoming air. If we put water into the air with a 'umidifier we then get conditioned
air, typically 60 degrees F., and we can carry out air conditioning.

This system has a number of advantages for use in a solar powered cycle. We can use solar
heat to carry out the desorption of the desiccant. !lhen the desiccant gradually becomes saturated
with water vapor, it is moved outside either physically (as for instance with a wheel) or by
valving, and then hot air is blown through the bed to drive off the adsorbed water vapor. The
desorption air is first heated (in the particular configuration of Fig. 1) by heat from the adsorp-
tion going on inside the conditioned space, and more heat is added from the solar collector.

I have also shown some water storage which will let us operate the air conditioning system for
more than the few hours a day that the sun favors the solar adsorber. Effluent gases from the
desiccant are on the order 150 to 200 degrees F.

This is a relatively simple system. There are no pressurized gases involved, no high pres-
sure 1liquids--most ¢ © the system is sheet metal. The COP's for this kind of system tend to be
high--on the order of .7 and .8 if you do a thermodynamic cycle analysis. The system works well
at 200 degrees F. and pretty well at 150 F., depending on the desiccant. It is not nearly as
sensitive to the high-side temperature for instance as a lithium bromide adsorption system is. In
fact, perhaps this system is the system of choice for a solar air conditioning applications.

It tends to be a large system physically, but sv do absorption systems. Absorption systems get
sraller per ton of cooling as they get large. In the desiccant system the pounds of desiccant
per ton of refrigeration tends to remain constant as you go up in size, so perhaps this is not
the system for cooling a large building.

The Desiccant Dehumidification System

However, a large building can use this system for dehumidification alone. If you take the
general system of Fiq. 1, eliminate the humidifier and the regenerative heat exchanaer, and then
use it to dehumidify the make up air to a large building, it Tooks like a good system. If you
. have a lithium bromide absorption system instalied, you can use air leaving the absorber to dry
out the bed, and you can reduce the cooling load on a large building by up to 30”. You can take
the latent load away with this system, and you can gain an additional advantage which would well
be very irportant for a lithium bromide system: the ability to raise the Tow side temperature
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in that lithium bromide system, from the present 40 degrees (approximately) necessary for dehu-
midification, up to perhaps 60 degrees. So you can reduce the amount of 1ift in the lithium
bromide system and that may well do a lot of good if it is a solar powered air conditioning instal-
lation.
The Humidification Step

Let us look at Fig. 2, which is concerned with the humidification step, not the desiccant
dehumidification. If we hypothesize an infinite amount of air circulation within the air con-
ditioned space, all we need for continued air is 75 F and 50% R.H. To get that using adiabatic
humidification, we can start as high as about 115 degrees F. so thee is no problem. However,

if we want to use a realistic circulation of air, let us say 600 cubic feet per minute per ton
of refrigeration, we can not start at 115 F. and get there by adiabatic humidification; rather
we have to start lower, on the order of 95 degrees F. And thai is why we had the regenerative
heat exchanger in Fig. 1, to get the temperature down from 110 F. We could not humidify to the
required temperature from 110 F. but we can from 85 F. Furthermore, of course the exchanger
reduces the air conditioning load considerably.

Choice of Desiccant

Figure 3, from tha ASHRAE handbook, shows some water vapor equilibrium curves for commonly
used adsorbents. It shows the adsorption capacity of silica gel, molecular sieve, alumina gel
and activated alumina. On & capacity basis, silica gel is the best werformer from about 30%
R.H. on up to 70% R.H. Molecular sieve is the best performer from zero to about 35% R.H. This
is on a basis of total equilibrium capacity. Let me make an important point here. In the des-
iccant system, you are loading the bed with ordinary air from the kind of ambient we work in,
30% to 70% R.H. Silica gel is the system of choice, for equilibrium conditions. You do not always
use equilibrium conditions, as I will point out later. At Chil we have investigated silica gel
and produced the isotherms shown in Fig. 4. This is the most convenient way to look at the capa-
city of a desiccant. On the top you will see dewpoint, and on the left side you will see the
weight percent of water that the silica gel can adsorb. The higher the dewpoint, the higher the
equilibriun capacity. The isotherms that you see have been predicted from the nine data points
noted on Fig. 4. We at CEN have a mathematical model which considers the physical chemistry
of the adsorption of water on silica gel and is very consistent with a number of physical chemical
principles, and it enables us to extrapolate with quite a degree of confidence as far as we have
to the lower vapor pressures and higher temperatures you see here. The mathematical model is
based on the concept (see Fig. 5) that there is a given amount ~f area X0 on silica gel, and
depending on the amount of water in the air that contacts that silica gel, a certain amount (the
lower rectangular block) is adsorbed directly on this surface. The higher the water vapor
partial pressure the more is adsorbed in the first monolayer. As the dewpoint of the air that
it is in contact with goes up (the 3 drawings in Fig. 5 are for dewpoints of -5°F, 20°F, and 60°F),
not only does the amount of water that can be adsorbed in the first layer grow, but so does the
amount of water adsorbed in a second layer and ultimately in a third layer, as shown by the other
rectangular blocks in Fig. 5. That is the nature of the mathematical model which we have developed.
Furthermore, this is not simply a steady state model, it is also a dynamic model which lets us
predict the rate of the adsorption of the water on the silica gel.
Choice of Operating Conditions

Going back to the isotherms, we can display the desiccant cycle that I started out with
as shown in Fig. 6. Beginning with the end of the desorption step, the adsorption bed is still




rather warm (110 degrees F.) and we blow pre-heated air through it from the conditioned space
starting at point A. The desiccant picks up water vapor until it finally becomes saturated with
air at 50 degrees dewpoint and 70 degrees F. (point B). At that point it will have about 15%
water vapor (by weight) adsorbed. Then the bed roves outside wiere it is heated by air to about
200 degees F. The outside air can be quite humid, having a dewnoint of perhaps 77 degrees F.
and yet as far as the bed is concerned, it is dry, because its relative humidity is quite Tow

at so high a temperature. Desorbing the bed brings us to point C where the amount of water
remaining on the bed is about 2%. The bed is then cooled to about 110 F. and we begin anain

at point A. The net capacity is about-12.8%. The interesting thing is to notice how little

the capacity chanqges if we had desorbed at say 150 degrees F. The residual water would then

be about 5% instead of 2., S0 we would drop from about 12 to maybe 10% net capacity. So we do
not lose too mucn when the temperature from the solar heat source drops, and that is a very
important point.

Well, presuming we have a 12.8% equilibrium capacity to look forward to, how much of that
can we use? Ue would like to get that 12.8% every 5 minutes. Adsorb the bed for 5 minutes,
desorb it for 5 minutes. This would give us a system you could put in my hands. It would be
a very small system because as Fiq. 7 shows, the shorter the half cycle time, the smaller the
bed volume. The solid linear curve results irom a preiiminary anaiysis. If you consider the
fact that it takes time to cool the bed off, you could never reach a zero cycle time and the
dotted line would apply. The faster you can get the bed adsorbed and desorbed, the smaller your
system is going to be.

But that is not the whole story. Figure 8 shows an adsorption time vs. leading curve con-
ducted under the very most favorable conditions for silica gel. The upper curve is at a 60°F
dewpoint, producing a bit higher capacity than the 12% I was just talking about. Note that it
takes 97 minutes or so to come to equilibrium. You can not do any better than this at these
conditions, so if we use a half cycle time of 13 minutes, we can get only half of the equilibrium
capacity. I think in a real system, we would be tempted to do that. But you can not make these
choices with an adsorotion system unless you know your material. Knowing your material is very
important. Otherwise, you will spend all kinds of time in the laboratory trying to optimize
the cycle and you might miss.

Another important point is how are we going to arrange the bed? Adsorption systems ordin-
arily use a long bed as showr at the top left corner of Fig. 9. There is a zone where the adsorp-
tion takes nlace that moves through and finally out the end of the bed. You get an adsorption
rate that falls off gradually (Fig. 9, top right) and then quits when the bed is saturated. There
are some systems that you can run that way. I do not think you can run an air conditioning
adsorption system that way. You are going to have a lot of material involved in 3 desiccant
system and it is typically going to have a fairly high pressure drop. Pressure drop is likely
to be a problem, and a lonq bed would have an especially hiqh pressure drop. You would be tempted
N to turn the bed on its side (Fio. 5, bottom left) and if you could really whistle the air through,

you could get an adsorption rate curve like that at the bettom right of Fin. 9. You vould be
tempted to stop adsorbing after one-third of the time shown and desorb jt, to utilize the maximum
adsorption rate. This would give a system where you were not working to the equilibrium capacity
but sou would be getting a smaller system for your trouble. The question is how short a bed

is snort? llow do you quantify this? Again, the answer is know your desiccant material and
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have some fundamental knowledge of it, so that you can work these things out aiead of time and
get the system optimized before you start on @ lona experimental rogran.
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A RETROFITTASLE SOLAR DEMUMIDIFIER
Sean Yellesley-lliller

H.ILT.

I would like to preface my discussion of our solar dehumidifier design with a few generalized
. remarhs. Firstly, vitu regard to the thermal performance of buildings and secondly with respect
to particular building types and regional climates.

4nen talking about solar air-conditioning we should remember that the demand for air-conditioning

- nas been inflated by some ratiier poor architectural design n the past. Most of ihe existing
building stock was dJdesigned on the assumption that energy would always be cheap and plentiful.
Energy conservation was not a major design issue. The attitude was, and is, reinforced by the
financial structure of the building market which emphasizes minimizing first costs rather than
life-cycle costs.

Careful climatic design of new buildings could reduce the demand for air-conditioning
dramatically, wahing it unnecessary in many cases. For example, Victor Olgyay (1967) has shown
tuat optimized climatic building design would reduce tne seasonal heating load of an averaye
house in tne .ew York area by 50 and the cvouling load by as much as 7%, The life-cycle cost
trade-off between investing more woney in the building envelope or investing it in a more powerful
space-conditioning system is definitely in favor of increasing the thermal performance of the
building at the design and construction Stage as lloyers (1471) aid others have shown. Ideaiiy
tue building and its cooling system should be designed together .n terms of the local climate.

Givoni (1967) of the Duilding Research Institute in Haifa has published some interesting
Jata saouing the range of climatic conditions under which a properly designed building should
require no mechanical air-conditioning at all. The area in Figure 1 on the chart bounded by
the line i is tne naturel comfort zone. Boundaries ii, V and £C show extensions of the comfort
area acnieved by rass ventilation and evaporative cooling. Primes show the allowable swings.
Above and to the rigut of the composite area defined by these boundaries some form of mechanical
cooling is required. Similarly to the left of the H lines heating is required.

AS can be seen, the range of climatic conditions whick can be nandled by good building design
alone is surprisingly large. In essence, the building acts as a buffer between the vagaries
of the external clirate and the space-conditioning system. When the air-conditioning system
15 solar powered an even more intimate coupling between the building and cooling system is
nossible. Benefits are:

1) A significant shortening of the seasonal and diurnal periods
during whicn space-cooling is necessary.
. 2)  An over-all reduction in the magnitude of the cooling load
that has to be handled mechanically.
3) A leveling of the diurnal space-conditioning load profile.

Points 2 and 3 lead directly to a reduction in collector areas and heat storage caoacity
required and an attendant increase in the equipment utilization factor during ooeration.

A swmilar situation exists when it comes to the design of the solar cooling system to serve
tne building. The temptation is to 9o for a "brute force" solution that will be capable of
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serving all building types under all climatic conditions. Yet, if we do find such a generalized
solution, which is sti1l in doubt, it will almost certainly be as excessively expensive as its

mechanical predecessors were excessively energy consuming. Personally, 1 believe that if solar

cooling is to be genuinely successful we will have to develop and use a variety of technical

approaches depending on local climate and building type. There is a real need fcr more research

on the compatibility of generic solar cooling schemes with the characteristics of different

climatic areas and building types. There is a tremendous difference between a single family

residence and an 18-story office building. This difference is compounded if the office is

Tocated in Albuquerque, New Mexico and the house in Orlando, Florida. It is further amplified .
if the office is sti1l on the drawing board and the home already in existence. It is doubtful

if the same system would be able to meet both situations equally efficiently and economically.

Solar cooling apprcaches based on night-sky radiaticn, evaporative cooling, natural ventila- *
tion, dehumidification, Rankine and absorption cycles or thermoelectric cooling are probably

only marginally in competition given the range of climatic conditions in the U.S. and the variety

of building types to be served. It seems to me that by prematurely insisting on a solar cooling

systeri that can be neatly packaged into a mass-produceable product to be marketed nationally

we may be in danger of pre-empting some potentially fruitful approaches to the basic problem

of reducinj national energy consumption by deve]bping and substituting efficient and economical

solar cooling systems for electrical air-conditioning.

The Psychometric Cycle

In designing our proposed system we were aiming for:

1) Low-rise residential construction.

2) A market defined by, but not necessirily limited to, the
North Atlantic seaboard or the Boston to Washington
"megalopolis.” This region is characterized by high
relative humidity and low day-to-night temperature swings.

3) Existing as well as new construction.

After considering a number of solar cooling schemes including an intermittent absorption
cycle ueing 11quid ammonia and sodium thiocyanate in combination with a two-step Fresnel lens
collector we settled on a psychrometric cycle (Bulleck and Threlkeld, 1966; Mullick and Gupta,
1973, Foster tliller Associates, 1973) as the basis for our design.

In esseace, the device is a self-contained package that contains solar heat collector ele-
nents, absorption-desorption elements, and multiple heat-exchange sheets. This configuration
offers the potential for the use of low cost materials and simple factory assembly, yielding
Tow per square foot unit cost. 1In a typical installation, a suitable number of unit modules
are mounted on the roof of a house, and household air is circulated to and from it in ducts,
say in the attic "crawl space." 1In addition, a small storage tank and circulating pump is
required for the liquid absorbent solution. This can be mounted in the solar package. Control
is simple on-off of power to the pump and fan. The required heat rejection from the solar unit
is cbtained from natural convection {amplified by an integral “chimney" in the panel) and radi-
ation to the ambient.

The fundamental advantage of this solar absorption de-humidifier over other air conditioning
methods is seen to bc that it ic simple in construction and operation for very long useful life,
and that it requires a minimum of solar collection area. Since humidity transport into a building
is limited only by air changes while thermal transport is much harder to reduce, de-humidifying
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uses unly a fraction of the energy that is used for cooling to produce an equivalent confort
level, Where humdity is -equired for comfort, a water spray turns the unit into a cooler.
However, it is recoygnized that optimal design must be considered in the very broadest sense --
beiny tne balance of first cost versus the sensible increase in human comfort in a typical house
and climate.
Figure 2 is a schematic drawing of the cross-section of the unit. The structural layers
of the “"sandwich" package, named from top to bottom, are as follows:
1. Clear teflon film {or films) for the solar window, water
- collection, and heat rejection;
2. Felt coated, fiber re-enforced plastic corrugated sheet for
solar heat absorption and flow distribution of the desorbing
py dessicant;
3. Glass wool insulation for trapping the solar heat in the
desorbing dessicant;
4, A teflon film to isolate the desorption above from the
absorption below;
5. felt coated fiber re-enforced plastic corrugated sheet for
flow distribution of the absorbing dessicant and for heat
rejection:
6. A teflon fi1lm structural sheet for isolation of outside
cooling air from household air;
7. Several simple layers of glass wool insulation and teflon
film structure to exchange heat between the influent and the
effluent househoid air while isolating it from the ambient
temperature;
This structure provides all the functions of a high-efficiency solar absorption de-humidifier,
A good absorber~desorber humidity transport medium is a liquid dessicant such as aqueous calcium
chloride solution.
The basic cycles of the de-humidifier are:
1. Calcium chleride solution is exposed to indoor air to capture
its humidity;
2. It is then heated by sunlight to drive off moisture:
3. The heat of solution of 1. is expelled to outside air.
4, Since 1. takes place above room temperature, it is thermally isolated
from the building by passing the building air through a regenerator
before it enters the dehumidifier.
5. A regenerator is also used for the dessicant solution to thermally
isolate steps 1. and 2.

* The umit operates as follows: Sunlight passes through the teflon film and turns to heat
on the black felt. This drives water out of the calcium chloride solution as it drips down the
corrugated fiberglass to the trough where it is collected. The water vapor condenses on the
back of the teflon film which is cooled by ambient natural conveciion. and is collected in a
trougn. The concentrated calcium chloride solution is pumped through a counterfiow regenerator
(simply two tubes soldered together) and to the top of the second corrugated sheet, which it
drips down. Air from the room passes over it and gives up its moisture. The heat from this
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reaction is rejected to the outside air in the cooling chimney. The room air then passes through
an air-to-air counterflow regenerator, where it is dropped to room temperature before being
expelled back into the room.

The cost of materials, excluding pumps, fans and the external box-frame is $1.50 - $2.00
per square foot for the entire system, which is comparable to materials costs for the collector
alone in conventional solar air conditioning systems. This shous the advantages of a Tow energy
density cycle and sandwich type construction.

A number of market considerations determined the details of the proposed design configu-
ration. These included:

1. That the system can be retro-fitted to existing buildings as

well as incorporated in new ones.

a. Humidity transport into a building is limited only by air
changes. Thermal transmission through walls and windows is
much harder to reduce than air infiltration rates, especially
in old construction.

b. Humidity systems require less collector area for the same
degree of subjective thermal comfort as absorption or Rankine
cycle systems in most of the climatic area under consideration.,
250 to 400 sq. ft. of collector would be a typical figure.

c. The existing U.S. building stock is around 70 million. There
are about two million new building starts a year. ODue to

demographic trends caused by the post-war baby boom new construc-
tion is Tikely to peak in the mid seventies and to fall off
sharply in the mid '80's. Thus any system capable of making
a major long term impact on electrical energy consumption by
air-conditioning units must be retrofittable.

2. That comfort conditioning can be provided "on demand."

This implies thermal storage since peak demand in this climatic
area occurs during hot, "muggy", overcast periods. 1.E., solar
availability and cooling demand are not in phase during peak
demand periods. This requirement can be met by storing the
dehydrated salt in an inch deep pan at the bottom of the sandwich
panel assembly (not shown in Figure. 2). Since the heat of
hydration is higher than the heat of fusion one inch per sq. ft.
gives 3 day storage. Both cooling and storage can be added to
the basic unit as options.

3. That the system is compatible with solar heating.

At present the proposed system does not meet this requirement.

However, with some modification it might be possible to make it -
compatible with a hot-air system. The relatively small collector
area required tends to de-emphasize this requirement, and avoids
the complication caused by the different "tilt" angles required
for efficient summer/winter solar collection.
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Mass-produceable, modular construction.

a) Retrofitting requires a modular aporoach to ensure fit
with any existing buildings.

b) Low tooling u» costs requires the use of existing off-the-
shelf materials and production teciniques. There is a
complex trade-off between operating temperature, collector
area and materials costs (e.g., plastics).

¢) Economic marketing and transportation require high value
to volume and value to weight ratios. Vibration and impact
strength has to be designed to military specifications to
avoid breakage.

fasy handling and maintenance

a) The potential market is increased if maintenance servicing
is simple and requires 1little or no special training. This
calls for corrosion and weather resistant materials such as
teflon (F.E.P.).

p, A "kit" form that could be assembled and installed by home-
owner would aveid the high costs of plumbing labor. (20% of
new single family homes are owner built). This implies that
the modules should be light, less than 100 lbs; of simple
construction, 1 by 4 by 8 ft. sandwich panels and of an easy to
handle geometric configuration. The modules are self-aligning,
assembly consists of plugging them together, taking the air in
and out of the house and providing electrical power for the
fans and pumps. No other equipment should be required.

Reliability, safety and controls

In order to achieve a high degree of market acceptability, the

system must be reliable, safe and simple to control. To be

compatible with the average life-time of a typical roof the

system should have a life of 30 years. Hoving parts should be

minimized. Safety and simplicity of controls favors the diffuse,

Jow energy density approach. Calcium chloride solution is non-

toxic, non-corosive and non-flammeble.

Costs

a) Electrical utility rates are expected to rise by between 7
and 107 a year. The system is estimated to cost about $2.50
a sq. ft. systems costs and to pay for itself in 10 to 15 years
and to last 20 to 30.

b) The current market saturation level of air conditioning units
suggests that air-conditioning in the residential market is
still something of a luxury. A cheap system that worked well
most of the time would be attractive to many peopie. Thermal
storage and sensible cooling capacity are available as options.
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These design requirements are presented because they are probably relevant to most solar
cooling designs. However, the proof of the pudding is in the eating. We hope to construct
and test a prototype of this system under an NSF/RANN grani. (Foster Miller Associates, 1973)
If this occurs [ will then be abie to give you more concise data on operating temperatures,
C.0.P. and other performance data.
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Fig. 2. Solar Dehumidifier.
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Session IV. lNew Technology -~ Rush
SOLAR DESICCANT SYSTEMS
William Rush

Institute of Gas Technology

We were charged with thke assignment of building a dessicating-type comfort system about
four or five years ago. Tmms work was sponsored by a very hard nosed qroup of people, namely,
the jas industry. The objective was to build a device that in the cooling mode would be as
efficient as a compressor system. The heating mode had to be at least as efficient as a gas
fired system. It had to be priced within 20. of the price of the combination. Further, it had
to be able to heat, cool, humidify, dehumidify, and ventilate, and it had to use minimal auxiliary
power. e came out with @ device that worked very well for a short period of time until its
performance deteriorated, forcing us back to the drawing board.

For the best understanding of the operation of the unit, one should understand how it works
as a gas fired device only. I'm going to concentrate on the cooling mode, and then we will show
you how solar energy fits in. Figure 1 shows the Munters Environmental Control Unit, which I
w111 call the MEC unit. The Hunters Corp. located in Stockholm, was founded by the same Carl
Munters of the iunters-Platen absorption system. lunters Corp. was responsible for the early
development of this idea.

First, concentrate on the stream marked outside air "in" and assume that the air is about
95 degrees and 75 degrees wet buib. It passes through a drying wheel made up of a series of
corrugations 1n which a desiccant is contained. The Stream goes through an adiabatic dehumidi-
fication step, where it is dried to less than 0.003 pounds of water per pound of air reaching
a temperature of about 180 degrees F. As Lunde showed earlier, this sensible heat must be
removed. The hot, dry air then passes through a heat exchanger wheel, where it stores its sen-
sible energy. It comes out off the heat exchange wheel at about 80 degrees F, but it's still
bone dry. What we have done so far is given everybody in the whole country Yellott's Arizona
climate. We then humidify this air and deliver a conditioned air stream at about 56 degrees
and almost saturated, which is very similar to what one obtains from a conventional air condi-
tioning co1l today. On the other side, room air is shown entering., Normally, this might be
about 75 degrees dry bulb and probably about 63 degree wet bulb. With its potential of being
cooled by saturation to 63 dearees, it becomes the heat sink for removal of the sensible energy
tnat was stored on the other side by the conditioned air stream. Now we put in a gas burner.

Je heat the regenerating air stream to the temperature that is sufficiently high to drive the
water off that was absorbed on the other side. The vapor is rejected to the outside.

You will notice we have a completely ventilated system. It delivers 1005 fresh air to the
room unile room air is continually exhausted. Actually, ve have not been operating the unit
in this mode, Figure 2 is a schematic of what the present operating mode Tooks like. Instead
of haviag the air come entirely from the outside, it is shown as operating in a recirculating
mode. This is the normal way an electric air conditioner operates in which air circulates from
inside the conditioned space to where it passes over a coil and delivered back to the room.

The conditions indicated are ARI standard conditions,-an 20 degree room with a 67 degree vet bulb.
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It goes through the drying wheel, comes out "bone" dry, at about 180 degrees F. Again, the
sensible heat is stored in a sensible heat exchanger, where the air leaves at 80 degrees F.

After saturation, it comes out at 56.5 degrees dry bulb and 53 degrees wet bulb. The ambient

is again shown at ARI standard conditions of 95 degrees and 75 degree wet bulb. So, theoretically
if this ambient air passes through its own water curtain it can reach a temperature approaching

75 degrees. This stream becomes the heat sink as it passes through the heat exchange wheel

and it approaches 130 degrees. A gas burner, shown as a qradrant burner, provides regeneration

by allowing half of the gas to preheat wne drying wheel while heating the other half to a tem-
perature sufficiently high to dry the wheel.

Figure 3 shows actual operating data. You will notice that the cooling effect on this
particular unit happens to be 2.7 tons. The COP is 0.73. Because of hardware shortcomings,
[ believe that the actual COP is closer to 0.8. The 0.73 results by taking the enthalpy dif-
ference between the inlet and outlet conditions and multiplying by the flow rate. Actually,
we were probably handling about 10 percent wore air flow than indicateq. We had some peripheral
leaks, and we didn't know how to solve tnew at that time. So, one would actually be multiplying
the wmeasured difference in enthalpy by an air flow that is 10 percent higher-making the COP
about 0.8.

Figure 4 shows the performance at part load conditions while the COP remains at 0.7).
The gas input was 24,000 BTU per hour which is about 24.4 cubic feet of gas. Therefore this
is a COP based upon the actual flow of gas and is not a net but a gross value.

Figure 5 is a schematic of the solar energy system, It shows the solar MEC unit as well
as the solar collector and storage. Storage is very important. It is very desirable that you
run 24 hours a day if yju possibly can on an even load to eliminate peaking. If all of a sudden
at two o'clock in the morning one runs out of stored energy, the gas company is not going to
be the least bit enthused by the fact that everybody demands fuel at the same time. So, peaking
is a very important factor.

Figure 6 is taken from a NASA HMarshall Space Flight Center publications. We based our
design on the collector performance curve for the indicated selective surface. This curve shows
about 80 percent collection efficiency at 250 degrees. lle designed to collect and store at 230°.
In the upper part of Figure 7 one sees the regenerative side of the gas-fired unit. The air
from the vutside went through the evaporative cooling pad and was cooled to about 80°F. It
becare the heat sink as it passed through the heat exchanger being heated to 176°F. Notice
again that it is a quadrant burrer. [t heats just the upper quadrant. So, the lower stream
preheats the drying wheei to a maximum of about 176°F. The upper portion passes over the burner
and is heated to a maximum temperature of 290°F, It's a topping temperature that must be reached
and designed for. Observe what occurs with a 230 degree storage tempr ~iture. We designed to
take a 10 degree drop in the solar coil and return to storage at about 220%F. This heat exchange
coil was designed for a 5 degree apprezch so the heated stream leaves at 2250F, (Some may feel
this is too close a temperaturc approach and that 8% is more reasonable). The designed heat »
exchanger fits nicely into the available space. Now observe what happens in the lower part of
the figure. If one has 225 degrees (or some temperature close to it), one is now able to heat
the drying wheel well above the bviling point of water as it passes over the preheat section.
This 21lows for using a great deal more of the arc than one vormerly could with only the 176°F
air when on gas-firing only. This means that a full quadrant burner is no longer required.
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Notice that the air stream passing over the burner has also been heated to 225°F. Heating this
streai to the final tenperature of 290°F benefits us in two ways. First, more thermal energy
entered in the lower part of the machine than formerly. Second, only one half of the air is
heated over half the difference. The net effect is that if this system, operating as a gas unit,
would require 100 cubic feet of gas per hour, the introduction of a solar coil would reduce gas
consumption to about 20 percent-20 cubic feet per hour.

Figure 8 shous the solar MEC unit operations in the heating mode. Only the drying wheel
is shoun. This 1s because in the heating mode the sensible heat wheel is not needed. To give
you a feel for size and speeds, the box is a cube 40" x 40" x 40". The drying wheel, in the
cooling mode, is rotating at one revolution per 5 minutes. In the heating mode it goes about
4 to 5 revolutions per minute. In the heating mode the drying wheel loses part of its desiccating
ability at this increased speed-but it becomes a better heat exchange wheel. Incidentally,
Figure & shows the heating operation in the ventilating mode. Conversations with manufacturers
indicate they are reluctant to install the internal ducting so that one can alternate between
a circulating mode for coolina, and the ventilating mode for heating. We shall have to choose
to go one way or the other. However, if one can reject the air and use 100 percent ventilation,
one is Letter off. Let me show you why. Because the drying wheel is now a very good heat exchange
wheel, one can take ail of the room air and pass it over the sola” coil. If we were storing
at 2300, we don't want to deliver air that temperature. In fact, we chose to reduce part of
the heat exchange surface for heating so as to leave at 128 degrees F. This was done deliber-
ately. By using the indicated amount of gas to heat to 179 degrees F, this allows us to use
all of the stored energy over a 24 hour period when operating at design conditions of O degrees
F. MNotice the energy saved when you can reject combustion products to the outside at 16 degrees
F. instead of at the temperature you are currently rejecting such products to the outside in
today's chimneys.

Although the wheel at this increased rotatiun has become a good heat exchanger, it is still
a fair desiccant wheel. Therefore, a significant part of the latent energy that ordinarily would
have gone up the stack is also retained on exit side and is transferred to the side handling
the air retuming to the room. On this design basis, which is a 0 degree day, we would be
putting in a net of 673 BTU's per minute while delivering to the room 1167 BTU's per minute.

The indicated burner is a 100,000 BTU burner. A 100,000 BTU gas burner has 70,000 BTU's useful
net energy in it so one would be able to meet all of the heating deman.. on this particular
day. If you s2lect a typical heat gain characteristic for a building such as for the one that
was in the NASA Marshall report, you will find that at about 35 degrees F. and above, you are
completely independent of any auxiliary gas.

The unit you have seen is the result of about seven years of intensive study at IGT. All
the functions of heat transfer and the thermodynamics and Kinetics associated with the drying
step have been analyzed. A computer model simulating performance under a variety of conditions
- was developed and used as the basis for the selected design. In other words, the embodiment

shown and discussed represents a device that we believe ready for field testing and well beyond
the research staqe.
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cessian IV, lew Technelogy - Shelpu:
A SOLAR VUILLEUIIER SYSTER
Benjamin Shelpuk

R.C.A.

The ideas I am going to discuss this evening are not based on new principles. The concept
of regenerative gas cycle engines was proposed as early as 1816 by Rev. Robert Stirling who
applied for a patent on a machine which operatec on principles similar to those which I shall
discuss. The thermodynamic cycle which Stirling descrived is now knoun as the Stirling Cycle
and was studied by most of us in our basic thermodynamics courses. The cycle consists of two
isothiermal processes, one of ccmpression, one of expansion, and two processes of heat transfer
in constant volume. Professor Gustav Schmidt (1871) published an analysis in which he obtained
the work output by an integration step. This method has been adopted and is usod to this day
for most classical analyses of the Stirling Cycle and indeed is the basic method which we have
used to generate the results which I will discuss this evening.

The system which I am discussing tonight is ectually a variation of the regenerative cycle
originally proposed by Stirling and was described ty two people early in this century. Rudolph
Yuilleumier in 1915 filed for patent on a device which operated on a cycle which has since become
known as the Vuilleumier cycle. Later in 1935 Dr. Vannevar Busi also filed for a patent on &
similar kind of machine. The thermodynamic cycle presented by both Vuilleumier ard Bush is
illustrated on Figure 1. In a very real sense this cycle can be described as a combination of
the classic Stirling heat engine and refrigeration cycle operating as interacting ooen cycles.
Any given volume can no longer be treated as a closed volume >ince there is a mass crossing the
boundary from the power volume into the cooling volume and vice versa. Thus the cycle thermo-
dynamic analysis must be done on the basis of three interconnected open system control volumes.
The compression and the expansion processes occur in steps 1 and 4 are in reality accomplished
by boundary work being done by or on the control volumes as they expand and contract.

In the three cycle PV diagrams at the bottom of Figure 1 you can see what is happening
conceptually in each of the volumes; step 1 to 2 is an isothermal compression while the gas is
in tie ambient space and thus the heat of compression can be rejected to the amtient heai cink.
Steps 2 to 3 can be thought of as a constant volume process in which the gas is cooled as it
passed tnrough the regenerator and into the expanding cold volume space. Process 3 to & is an
isothermal expansion of the gas in the cold volume space and then, of course, steps 4 to 1 is
the constant volume heating process. Simultaneously, similar processes are occurring in the hot
volume and in the the ambient space volume.

You will notice from the thiermodynamic sign of the direction of the process that heat must -
be added in the cold volume and also in the hot volume and there is an excess of energy wnich
must be rejected in the ambient space, The amount of refrigeration which occurs is a function
of the pressure ratio between compression and expansion processes and the total swept volume of .
the cold cylinder. The thermodynamics of this cycle has been described mathematically and has

been confirmed by experimental data taken on many models in the laboratory.
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[t 1s interesting to note that there have been many successful applications of this thermo-
dynaimic cycle. Suirling heat engines with 39. conversion efficiency have been bLuilt. Crvogenic
refrigerators based on both the Stirling and YN cycles are common.

Figures 2 and 3 show two experimental Vuilleumier cycle refrigerators which have been built
and tested at RCA. The first refrigerator is one which was built to show the feasibility of
building a cooler which required no mechanical input at all. In this refrigerator the driving
energy for the cycle is through a gas buruer shown at the top of the machine and the movement
of displacer vhich is usually done with a small electric motor was accomplished by buildina small
pistons into appropriate areas of the machine so that the pressure pulse created during refr.ger-
ation cycle could be utilized to self-actuate the displacers. This refrigerator has a refriger-
ation capacity of 3 watts at 77°K and operates from a fuel rate of less than 1/10 1b/hr of propane.
- The second refrigerator shown in Figure 3 is also based on the Vuilleumier cycle and in this

one the purpose of the experiment was to show the feasibility of a linear motor electric drive
for the displacer activation and also to show the capability for remote pneumatic actuation of
the cold displacer device. The upper part of the device in the photograpn is the cold cylinder.
[t can be remotely located from the compressor which is located in the bottom half of the photo-
graph. There is no mechanical linkage between the two as the actuation of the refrigerator is
strictly by pneumatic means from the pressure pulse generated within the device. This experiment
also was successful in producing refrigeration and is the construction concept which I would
think would be applied to a device built for an air conditioning application.

The question which one can reasonably ask is, "Given this hiah level of success with regen-
erative cycle gas machines both as heating engines and as refrigerators, why has this device
not been used in applications near room temperature?” [f one examines the idealized equations
of performance, it is clear that the efficiency of performance which would be expected is very
high, even at temperatures near normal room temperature. However, when one gets into analyzing
the regenerator and heat transfer problems that exist at this temperature, it is obvious that
tue performance required in these components of a machine is substantially different than that
required in a heat engine or a cryogenic refrigerator. [t is thus this unique regenerator design
problem which has impeded the development of this kind of device for air conditioning applica-
tions. [ think probably almost as important as that is the fact that the vapor compression cycle
which has been developed for most air conditic ers has performed so well that there has not been
a need to develop this concept for that application.

lax Jacob in his treatise on heat transfer in volume II says that the analysis of a regen-
erator is among the most difficult and involved tasks that can be encountered in the field of
engineering. 1 think there 1s good reason for the technical community to address the very dif-
ficult regenerator problem for air conditioning applications. An air conditioner built on these
principles would have many interesting features. First of all, high reliability can be expected
because in the machines that [ have described there are essentially only two moving parts, both

- the displacers. Bearing problems should be nominal because of 1ight loading. Secondly, the

refrigerator uses a safe refrigerant, helium. Thirdly, we have predicted that performance o7
a C.0.P. approaching one can be achieved when this refrigerator is driven from a solar energy
source. A significant feature of this system is that it is a hermetic combination engine-
refrigerator thus eliminating seal problems. In addition to all of those things, we also feel
that low production costs can be achieved in this kind of refrigerator because we are not looking
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at any close tolerance of mechanical parts. Rather than belabor you with the details of the tasks
which must be conpleted to develop the appropriate regenerator and heat transfer structures that
would make tiis themiodynamic cycle applicable for air conditioning app  .tions, I should 1ike

to quickly outline what is required and show you calculated performance characteristics based

on cuncepts which we have developed for the critical regenerator and heat transfer structures
needed.

First of all, it is important to realize that typical regenerator structures used in most
machines are ratrices and material such as spheres or screens or cut-up-wire which causes a high
resistance to gas flow but provide a large surface &rea for heat transfer to the thermal storage '
rediun. In the apolication for air conditioning our analysis shows that a typical machine would
have to regenerate instantaneously at a rate of 111 BTUs/hr even though the net capacity of this
machine is only 33,000 BTU/Hr. This can only be accomplished through structures which have low .
resistance to flow and yet have high thermal performance required of generators. In addition
to these parareters, a minimum void voiume must be contained in whatever regenerator structure
is developed since 1ts presence deteriorates performance in a very dramatic way.

Figure 4 shows a 1ist of variables which are relevant to characterize regenerator perfor-
mance. I direct your attention to the equation at the top of the Figure. This is the equation
which gives the value of heat transfer per unit flow work in a regenerator, and of course, a
good regenerator maximizes the value. You can see from the equation that .here are three group-
ings of parameters that are involved. First there is the "J/F" factor which is desciiptive of
the type of regenerator or heat transfer structure being considered. The second parameter has
to do with the gas tnat is being considered, and the third grouping has to do witih the actual
application temperature difference and the velocity of the gas flowing through. iiow with regard
to the gases, you can see in the table below the equation that the heat transferred per unit
flow work is raxinized as the atomic weight of the refrigerant gas goes down. This makes hydrogen
better by a large factor than any of the other alternatives although helium is a good alternative.
The J/F factor is another factor which has a wide range, ranging from .04 and .15 for the typical
regenerator structures to a J/F of 1/2 for flow through parallel plates.

As 1 have indicated previously, based on our analysis of the required reqenerator and heat
transfer requirerients for an air conditioning application we can describe a set of material,
heat transfer and structural parameters which we feel will lead to good gas regenerator gas cycle
performance i. the air conditioning application.

rigure 5 shows a typical heat balance in the calculations that we have done thus far. Here
/ou see the characteristic of tie machine which we have investigated. It is opeiating with the
heat source terperature at 3500F, si(% of 1100, a refrigeration temperature of 35%F and at a speed
of 3 Hz. The gross refrigeration capacity that results from using all of the parameters that
we have assumed is 42,270 BTUs, the losses as shown are subtracted from the qross capacity and
the net refrigeration capacity is 33,000 BTUs or almost three tons.

In Figure 6 and 7 the performance of the solar driven refrigerator which we have analyzed
using these methods is shown. From Figure 6 it is clear that the capacity and the €.0.P. are
a strong function of heat source temperature. This curve is for a temperature in the cold space
of 35°F. This allows for ample heat transfer difference to maintain the cooling coil at somewhere
between 40 and 45°F. You'll notice that the C.0.P. for the 110°F heat sink temperature range
approaches 1. The C.0.P. goes up where the lower ambient temperature exists and is well above
i.2.
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Figure 7 shows the same set of curves with a different temperature set, specifically the
cold temperature is held at 45°F.  You can see the effect of the heat transfer on the cold side
of the air conditioner.

This discussion of necessity has been brief and has lacked detail in certain areas which
might be of interest to some of you, but I think the essence of the conclusions that we have
reached is that air conditionirg can be accomplished by using a regenerative gas cycle which
combines the elements of a heat engine and the refrigeration cycle. Performance which is at
levels that would be required in a home application is feasible. [ think the clear indication
of what must be done to realize success in this area could be broken into three categories.

First of all, the preliminary analyses which nave been completed and which have been shown
here need to be more thoroughly explored with regard to regenerator and heat transfer structures
which will give is the most desirable machine configuration in the 2 to 3 to 5 ton air conditioning
range. This screening type of analysis I think has to be done using the simolified methods of
the Schmidt relationships. Once the initial screening has been done and a system is characterized,
[ think it is important to use some of the more sophisticated analytical techniques such as have
been described in the literature by Finkelstein (1960) regarding the Stirling type refrigerators
and more recently by Alan Sherman (1971) at MASA in describing VN refrigerators.

And I think finally we need to verify experimentally the performance parameters that are
predicted by these various techniques and to do experimental and design work to solve the problems
of implementation in an economic and reliable fashion. 1 think thet the promise is there for
good performance under the conditions imposed by the solar eneigy applicaticn, and I think that
tn1s technology merits the interest and development work by all those who have something to offer
in this area so I recommend it to you as a potential method for providing the air conditioning
requirements in buildings from a solar energy source.
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session IV, lew Technology = Huy
HOW TO STOP COOLING LOADS BEFORE THEY START
Harold R. Hay

Skytherm Proc. and Eng.

To stop cooling loads before they start is not beyond my intellectual level-1t was practiced
by primit ve man and earlier animal life finding a suitable microclimate in a cave or under
leaves or rocks. The most successful thermal control created by man is at the center of the .
pyramids of Egypt-giving the dead more thermal comfort than the 1living have outside. It has
been estimated that it would cost over one billion dollars today to build the largest pyramid,
nence even M, HcCulloch is not apt to move one to Havasu City, Arizona, for erection alongside b
the London Bridge so we can more conveniently appreciate the thermal effect of building materials
balancing the diurnal and seasonal thermal flux.

Geoyraphic climatology is basic to stopping thermal loads before they start. If energy
conservation becomes truly criticial, and many think it is that now, new federal buildings,
and even some offices of states in which thermal loads are high, should be built in an area
of the country where thermal loads are low - in the Southeast or Southwest where natural air
conditioning can be based upon climate, building materials, and simple technology. The saviny
would be not only that energy consumption in the government buildings but also in the houses
of the employees and of their supporting infrastructure.

Heating and cooling loads increase as buildings get higher; we are well advised not to
go in that direction. Earlier man lived underground in all parts of the world; now the wish
for wore space in office buildings with above-ground height limited by city ordinances results
in underground levels not only for garages but also for stores, banks, etc. - literally plazas
nave heen pushed underground. Hathaniel Owings, whose firm is building the tallest skyscraper
sass that except for a few cities the skyscraper is a tihing of the past. Constantine Doxiadis,
tne world famous planner, suggests two stories above ground and two underground for future
buildings to regain the human scale. It could also stop heating and cooling lcads before they
start and keep them within the human scale.

At this workshop, some speakers advocate priority for solar cooling of high rise commercial
aud 1ndustrial structures with residential use receiving lowest priority. Politicians, more
acutely aware of all the "heat loads" of such nonsocial recommendations, will disagree. It
is no solution to add a $1000 solar collector onto a residential absorption cooling unit which
w111 still require so much electric power to operate that even a medium income family might
not be able to afford either the first cost or the operating cost. Instead of making such
reccimiendations, technologists should stop political social heat loads b.fore they start. In
the vernacular, good advice to technologists would be; "cool it, politically.”

Congress is passing legislation to support early comiercialization of solar heating and
cooling of residences and expects solar heating to be com.ercially advanced in three years and
cooling in five. Congressmen exceeded the logic of sore attending this workshop by starting
ety definitions such as "the term ‘combined solar heating and cooling' ----includes cooling
by means of nocturnal heat radiation, by evaporation, or by other methods of meeting peakload
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eneryy requirements at nonpeak load times;...." This does not require that solar energy be
involved in the cooling.

Pecognized in the definition, and 1n the timeframe by emphasis that solar heating and
cooling should reach early corriercialization within the 3-5 year periods and as soon as possible,
is a systen operating now and fully heating and cooling a residence 1n Atascadero, California.
The s.ster was earlier described in tne technical Titerature (lech. Eng., Jan. 1970) and ignored
in a t.anner it no longer is. The cooling is based upon nocturnal radiation plus indirect evapor-
ation and heat transfer in Arizona and upon radiation and the thermal flywheel of heat storage
in Atascadero. The system does not attempt to overpower the climate as do conventional heating
and cooling systems but rather to work with it - to select from the climate the potentials for
operating on the comfortable side of a rean daily temperature uhich is outside the comfort zone.
While not always able to maintain a year-round narrow comfort range, it can stay within the
President's prescribed range of 680 for heating and 70 or 800 for cooling a residence in many
parts of the country and in a portion of the house most of the year in most of the country.

Like other solar heating and cooling systems, it wmay need supplementary conventional devices
in some areas part of the year but unlike these other systems it provides botn heating and
cooling at low initial cost and is operative throughout blackouts.

Attendees of this workshop have received copies of an article published in ASHRAE J.,
Decerber 1973, in which John Yellott, Chairman of the ASHRAE Committee on Solar Energy Utili-
zation, states; "The simplest system uhich can accomplish both heating and cooling with the
same equiprent was used in the Hay Shytherm house... The Skytherm system is capable of many
modifications and the cooling effect of water which is subjected to both nocturnal radiation
and evaporation nust not be underestimated.” In testimony before a Senate Subcormittee, Yellott
said, "The evaporation n 1 hour of 1-1/2 gallons of water would be the equivalent of 1 ton
of refrigeration; fuel and the cost, of course, would be only a fraction of the cost of elec-
trical refrigeration."” .

Tne construction and results of a Skytherm test room built in Phoenix was described in
the ASHRAE 1973 article in the following terms:

“Thnis system is primarily suitable for use in the southwest where snow is not encountered
and dewpoint temperatures are characteristically low. It uses a water-covered roof to collect
solar rudiation during the winter and to reject tne daytime accumulation of surmer heat by
radiation and evaporation to the sky. !lovable horizontal panels of ueatheratie urethane insula-
tion ire used to retain the nheat collected on winter days and to prevent the sunsrine of summer
days from being absorbea by the water. During iieny weeks in the spring and fall no movement
of tihe insulation is needed because of the natural "thermal flyuheel" effect of the heat storage
in the building and its water roof."

"Juring the surmer of 1963, the combination of nocturnal radiation anu evapcration was
sufficiently effective to heep a prototype Skytherm building in Phoenix witnin the comfort zone
. durinj 30. of the summer hours, and beiow 05 F at all times despite the fact that the afternoon
terper:tures consistently exceeded 110 F. tlo electric power was needed with this system,
althouzh the expenditure of 0.10 hp for the operation of a small fan-coil unit improved the
sensation of comfort by creating a moderate anount of air movement. The first full-scale Sky-
therr. residence is now in operation at Atascadero, CA, as a joint project of the inventor, Harold
Hay, 11if, Poly. State Univ. at San Luis Obispo, and HUD."
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Extension of the climatic range of the roofpond system from the hot and dry and hot and
humid clrmate of Phoenix to the slightly more northerly, more cloudy, and colder climate of
the Califormia valleys, resulted in confirmation of the system's value and in severai modifi-
cations useful for other climates. The Atascadero house has only 100. of the floor area as
roofponds cowpared with 120. obtained by using overhangs on the Phoenix building; thus overhangs
are reserved for water heaters und solar stills. The improved heating efficiency, the automation
systen, and other major desiyn advancements, resulted from the evaluation study by a team of

eiyht professors at California Polytechnic State University under the leadership of Prof.
Xenneth Haggard of the School of Architecture.

The waterpond system presently in use on the Atascadero house consists of a black waterproof
plas.ic liner over a waterproofed steel deck. Above the liner, between the beams and trackways,
are 3-foot-wide ponds averaging 10 inches deep in clear PVC bags similar to waterbeds the full
length of the roof. The plastic film above the water and that of a gas cell (filled with
nitrogen) over the water are of UV inhibited PVC. Use of the gas cell increased winter collection
efficiency to 43. at midday. The efficiency can be further increased by known methods and should
permit the use of roofpounds in even rore northerly mild climates.

Some conclusions from this evaluation conducted for the U.S. Dept. of Housing and Urban
Developrent, indicate the scope and success of the system.

Architecture

"From the viewpoint of use of interior space, roof ponds have distinct advantages over prior
metnods of storing collected solar energy." "The horizontal roof pond accommodates space plan-
ning and design with more flexibility than was thought at first." "No difficulties were encoun-
tered in getting building permits uith inspections nor from mortgage or insurance companies.”
Construction

"The moderate roof load of the water ponds requires a small increasing in footing widths
but the loading provides no major problems in an earthquake area nor or expansive soil... The
concentrated loading of the water tanks or rock bins used internally in some prior solar houses
could present greater problems."

Automation

“This sol-air temperature controls the movement of the insulation panels..."
mechanical system at this time is operating satisfactorily."
£conomics

"The complete

"preliminary analysis shows tne cost of the system to be slightly greater than normal roofs
1n the area with the strong possibility of the costs becomming very near the norm with some
post-orototyspe modification." "It has promise for being competitive with conventional heating
and cooling in the Southwest."

"At this stage of the investigation...based on imputed figures rather than actual experi-
mental results, we can conclude that this type of solar housing will probably save about 57 in
tne annual housing expenses for the consumer and about 1. of the energy consumotion for the
country as a whole."

Thermal Results

“At no time during this early February period (or any time during the three months plotted)
did the occupants use any auxiliary heat, although trey were free to do so." (Mote: in this
17-day period, 11 days had temperatures at or below freezing: day and night average was 45°
- the winter temperature for which the house was designed.)
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Occupancy Reaction

"The family considered hot weatber thermal control far supecior to that of conventiunal
air conditiorng. Quietness, eveness of temperature, lack of air drafts, and comfort when
changing from active to passive patterns of daily life were noted along with the belief that
1t is easier to go to sleep in this house."

"The fai'ily's response continues to be very favorable during cold weather occupancy as
was the case in the hot weather cycle. Their comparison with their own conventiunally heated
hore (gas Furnace) was that the test house was 'distinctly superior.’...the family expressed
full satisfaction with the test house capabilities of meeting their comfort range requirement."

"...the 'feeling of heat' was different in the test house in that the humidity level was
LuLh riore coufortable tu them in comparison with their conventionally heated home which always
'felt' dryer." "The combination of these factors made the test house ‘seem more natural' to
ther." "Overall, they feel that a1l qualities of the test house are distinctly on the positive
side with respect to health."

It 1s important in a scientific evaluation to have an objective report on the subjective
reaction of non-techaical persons Tiving in a test house. It must be recalled that the "comfort
zone" and the "effective temperatures" are measured ranges of such human reactions. The hard
data on therrmal results will be analyzed, to the extent the very limited funds of this project
periit, to Jetermine the confornnty of ASHRAE comfurt standards and the reactions of the occu-
pants of the house.

Expanding upon the econorics of the roofpond collector dissipator-storage {CDS) system,
tne professors find that the first cost is $1.10 per sq. ft. above that for a normal ceiling,
roof, heater and air conditioner and is apt to be lower in mass production. The maintenance,
they state, should be slightly lower on a 15-year basis than for conventional roof, heating
and air conditioning. Savaings of $250-5320/year in fuel bills, expected by the evaluators, can
be projected to the $240-530 range (or migher) in 1985. On a btu basis, the professors calcu-
latea that the house saves 42 barrels of oil per year which, at current prices of $15 barrel
in some parts of the country, represents much higher economic potentials.

Prototype problems encountered during the evaluation included leakage resulting from failure
to peripherall,; seal the water ponds where they contacted tiie metal roof. By capillarity, rain
roved to a poorly sealed bolt hole. Also, the hollow metal Leams acted as condensors to concen-
trate water from under the pond liners and may have condensed water from air passing through
the beam. Some automation problems were likewise encountered which were of prototype nature
and have also been corrected. The horizontal roofpond CDS s/stem is now believed to be ready
for production design and use in the Southwest and parts of the Southeast.

fttention can now be given to development of a snow-duiiping, horizontal CDS system and other
designs for inclined roofs and south walls. The use of movatle insulation with one form of
water storuge 1n tne south wall was proved effective by Steve Daer in Albuquerque, New Mexico.

i Otner dJesigns, some 1ore complex, include a thermo-siphon a.tion to circulate water in the south
wall and to nove it through plenums to remote rooms without puwps. The applicability of movable
insulation as a thermal valve is as widespread as the potential use of solar energy for space
neating. flovable insulation permits hign heat capacity building materials to serve CDS functions.

Low temperature CDS has advantages of less reradiation from the collector. It is seldom
desirable to collect at more tnan 20%F in roofponds serving as direct radiators to underlying
rooms. If the midwinter potential for solar heating would raise a given water depth above
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SOOF, the depth 15 increased; this not only provides more heat for sunless days but reduces
the interior amplitude of the temperature range and it improves acoustical resistance to external
noises.

Horizontal collectors, while less efficient than optimally inclined solar collectors at
latitudes more polar than the Tropics of Cancer and Capricorn, collect more diffuse radiation
than do the inclined type and are less costly. Horizontal dissipators are nore efficient at
all latitudes than are inclined ones. The collector inclined optimally for winter heating will
be less efficient for absorption cooling in the summer. Glass covers are more efficient than
plastic ones for collectors but less efficient as di.sipators. The advantages of the plastic,
horizontal CDS systems are, therefore dominant in much of the tropics and much of the American
Southwest and Southeast. As with other solar systems, the use of supplementary conventional
heating and cooling devices way be required when the insolation and other climatic factors are
not adequate for comfortable thermal conditioning of space.

Architecture must be the prime solution for our energy crisis and the basis of use of
natural heatiny and cooling. Less glass (on a doubled or tripled amount) becomes a necessity
as does the use of heat storage in partition walls, floors and ceilings. With these, comfort
can be maintawned during peakload blackouts and power can be used to store heat or "coolth"
during offpeak nours with loss of comfort. Horizontal roofpond CDS systems can be used in severe
c¢limates for one-story buildings or the top floor of multi-story buildings. In milde. climates,
surplus heat or "coolth" may be transferred from the roof to one or more lcaer floors by means
of fantails.

For Atascadero, the concept of an architectural student, Russell W. Wong, includes roof
ponds for 2nd floor heating and south wall fenestration and collectors for the ground floor.
Because radiation only is expected to be adequate for rooms underlying the roofponds, the addi-
tion of indirect evaporative cooling would supply the coolth for ground floor rooms. It will
be difficult to remain abreast of the many creative efforts of architects to design for minimum
use of corventional heating and cooling -evices.

We have gone the route of the overcomplicated and have created both energy shortages and
pollution. We face the problems of insufficient money to generate and deliver the power demand
and of adding such cost to heating and cooling that lower income families may be deprived of
these aspects of the American Dream. In 1796, Edmund Burke said, "Economy is a distributive
virtue and consists not in saving but in selection."” It is my opinion that failure to select
has brought us to the imperative decision that we inust select the simple and proved principles
of nature and live closely with the natural diurnal thermal balance - that we have no other
option.

A Solar House Economic in 1973

The only solar house completed for full evaluation by the U.S. Dept. of Housing and Urban
Development to help met the fossil fuel, power shortage, and pollution crises is shown below in
photos. A team at Cal. Polytechmic State U. (San Luis Obispo), headed ty Prof, Kenneth Haggard,
is evaluating the architecture, construction and meintenance, thermal and acoustical performance,
econamics, and occupant reaction. During this one year of unique and comprehensive evaluation,
the house is not open to the public.

At 7935 Santa Rosa Road, Atascadero, Cal., the 3-bedroom house is now occupied by a family
of five. Uesigned by Environmental Planning Consultants, the house has complete natural heating-
and-cooliny wiich does not distort esthetics, does not occupy floor space, nor requires circulation units.
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Integrated concrete block and wood construction shows versatility of mater..ls and archi-
tectural effects. Results are Lest with new concrete or metal construction, which may be con-
ventional in appearance, SKY THERI is not limited to the one-story, flat-roof style shown;
designs are under development for southwall heating in northern and snow regions.

SKY THERN provides new, more comfortable Standards by mildly heating and cooling through
an acoustical metal ceiling - no hot or cold spots, no air drafts or noise. Regular building
materials are the heating and cooling system; hence low initial cost compared with conventional
design.

Comfortable throughout several sunless days, this solar house has no electric pumps or
fans which would be inoperative during power blackouts, Earthquake design, codes, and insurance
presented no special problems. Until generally accepted, any solar design iay require higher
mortgage down po,ient-minimal with SKY THER!! because adaptability permits adding a second story
or the addition of supplementary heating and cooling.

Over the metal ceiling, a double, impervious piastic liner is under these waterbeds; above
are panels of movable insulation. In winter, the uncovered waterbeds are solar heated; automatic
closing of the panels prevents nighttime heat loss. In summer, heat absorbed from the room is
stored in the water until the panels, which then prevent daytime solar heating, move aside to
allow nightsky cooling. Phoenix, Arizena, tests established that SKY THERM Naiural Air Condi-
tioning required no conventional heating or cooling when air temperatures ranged from subfreezing
to 115°.  This result is unecualed by any other system for solar energy use.

A 1/2 hp motor running only two minutes morning and night (or manual operation) moves the
insulation panels (thermal valves) on trackways from over waterbeds to a carport or patic area
for 3-deep stacking. In some climates, a little more electricity may be needed.

Only SKY THERM has developed a modular roof system of interchangeable, patented units that
provides thermal comfort, solar heated and nightsky cooled water supply, and distille) water
from solar stills.
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Cession IV. lHew Technology - Bunks

Part, 1 of 2 parts
A HEAT ENGIIE USING CRYSTAL TRAHSFORMATIONS
Ridgway Banks

Lawrence Berkeley Laboratory

The Banks Engine

I want to introduce to you a novel not to say perhaps wild, energy conversion approach
that we've been working at at the Lawrence Berkeley Lab since last August. This is a heat engine
that works at low temperatures across a small A T. It uses not a fluid, but a crystaline solid
as its working elewent. The solid we use is a homogenious nickel titanium alloy called "Hitincl:"
Hi for nickel, 7i for titanium, and Nol, for the Haval Ordinance Lab in Silver Spring Maryland
where it was discovered in 1963 by W. Buehler.

This is a most unusual alloy and I will just stick to the parts that are interesting as
far as we are concerned. It undergoes a phase transformation at a fairly low threshold temper-
ature. It has two crystaline forms, and at the threshold it will switch between these two
phases. What this means practicallv-in terms of using this alloy as a conversion element is
that you can imprint a shape memor: on the metal by heat treating it at fairly high temperatures
and then when it comes back down to normal ambient temperatures, you can recall that shape memory
in the wire by small temperature changes.

I thi.k there are a couple of aspects to this wire which are of interest in the engine
application. There are questions that come irmediately to mind that I will have to address
sooner or later, so I might as well do it now.

The first question concerns fatigue, since here is a wnetal obviously undergoing a radical
change of shape. ilhat does this do to the inter-crystaline structures? The situation in most
metals and most substances, is that if you exert a force you get a gross deformation along fairly
long fiber or unit lines. In other words, most metals tend to propagate an elastic stress like
a kind of nmetallic crawl, and if you cycle them back and forth after a while, they break. What
happens in the Nitinol in the transformation (which is a martensitic transformation) is similar
~0 a phenomenon that occurs in steel when it comes down from high austenitic temperatures.
hat we think is the mechanism for this transformation are very small localized changes. There
are little shears that take place along the crystal lattice boundaries. This could be illustrated
with a pack of cards, you can slip them sideways, there can be a gross overall deformation
but in terms of the lattices here represented by the playing card, the movement can be very small.
It would be an accumulation of many small localized movements. The martensitic transformation
is a diffusionless shear in which the nickel and titanium molecules move to create a new crystal
structure, but each atom of nickel or titaniun moves less than one total interatomic distance.
They don't get in each others way, and you do not have the kind of elastic defcrmation that
produces work hardening and fatigue. tile have cycled the wires in this engine for more than 10
to the 7th cycles and they're just as good as they ever were.

One other question that will come up, I think probably, is that of the effects of corrosion
on this material. One of the aspects we like most of this approach is that you can use the
working element in direct contact with the heat medium. Vhether it be ocean water, salt water,
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wnether 1t's jeotherial brine, whether it's industrial effluent, you can Stick this material
rijat 1 your Leat sudree without any intermediate heat exchangers because this nickel or titan-
ium interzetallic coumpound is notoriously corrosion resistent.

One other question would have to do with what kind of temperatures or AT's that you can
work at. le don't rave a firm aaswer on this. \e think we can work very conveniently with
33 deyrees C and probably with pretty good efficiencies at half that. Normally we run the engine
at about 24 degrees C but tken the laboratory caught wind of the energy crisis and they did
their bit by turning down the hot water boilers in the building where the engine usually runs,
and tnat slowed it down a bit. The other Significant thing to bring up here is tnat the thres-
hold temperature 10 which this transfortiation takes place can be manipulated by changing the
composition, by cn. :ging the proportions of the nickel and titanium in the wire. That can
be changed over a s0U degrees C range from =150 to +150 degrees C. There are tricks at the
very low temperatures. But what I'm saying is that a wide range of applications open up when
JOu Stop tuinking of absolute temperatures and start tuinking more in terms of AT which can
exist in many places on the thernometer.

The caloriretry of this material is e«tremely difficult to do, and the literature is very
inconclusive un it. There are many interdependent variables here. The thermal characteristics
of tue ware and of course tue mechanical ones vary very nwch as they go across the transition
tenperdature, In going across the nartensitic transformation the specific heat changes too.

S0 it's hard to say exactly what the efficiencies are, or what they will be when we learn more
about this material and how to use it.

(A film was wade of the operation of the engine of the Binks lio. 1 Nitinol engine shown
in Figure 1, and suown to the audience. Operation included bcth bench tests and operation on
solar energy with a Stationary flat plate collector. C[lectricity was produced.) The following
is the narration during the filn:

Here is tue engine on the first day that it ran. It ran very well right off and that never
happened to i:e before. Mot only that, but instead of stopping and fouling up, 1t got better
after it ran for a few days. We're trying to show here how the wires open when they are in the
hot side. There is a good deal of force in each ware. \lhen they go on the cold Siue they
relax, and are reshaped into loops. How in point of fact, after we ran the engine tor a while,
we found that tiey were closing spontaneously, at least 50 of the distance. That's why the
enyine ran Letter bLecause we weren't losing the work in closiny them, This wire has a tendency
to proyram itself, to conforn or to optimize itself to the cyc'ing situation. HNow we dJidn't
hnow that until we did it, Lecause no one ever continuously cy.led the wire in engines before.

You can chanye the speed of the engine by changing the pitch on tae crank shaft. In other
words, you phase it. ihen it goes fast it takes a while for the wires 1o drop in, so you move
that crank snaft off almost to 9:00 o'clock. In Figure 2 we're generating electricity. There
is no threat to sour eyesight, but we did it with hot water and 20 six-inch loops of this
material. A total cost of $3.50 for the working material.

Here we're lifting a weight-I want you to see that it says 10 kilograms on it. It's a
lie. It's a counterweight actually. It weighs about two pounds.

This is a lot of fun: we're on the roof of the building now (Figure 3) and this is a
stationary flat plate collector. lle're going to generate electricity, but you know about that.
This is just a vinyl black bag with a booster bank of reflectors behind it. The tubes are
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on the top of the collector. Okay, so now we've made the cycle from solar heat to electricity

in a ridiculously swall way, but we did it through this solid state energy conversion system.

These tubes are sinply comuercial glass tubes eight feet long by a little bit more than two

incues wide, and intended to be made into fluorescent light bulbs. They cost 2lc a piece.

If you buy more than 1,000 they go down to 11¢ - (That is the kind c¢f weather we had that day

when we did that, that was in Novenber. I was too excited to put on my parka, but it wasn't

a very hot day). The thing about the glass. The cost of glass in this form - I figured it

out, - is less than 16¢ a square foot. [ think you might consider this, because "t's also strong
. and it's modular.

Later a live demonstration of the engine was held for the workshop in a hotel bathtub.
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Session IV, lew Vechnology - Hernandez

Part 2 of 2 parts

"

A HCAT ENGIHE USING CRYSTAL TRANSFORMATIONS
Paul Hernandez

Lawrence Berkeley Laboratory

Phase Transformation of ilitinol

Nitinol is an equiatomic intermetallic compound. 55-Hitinol nominally has 55 nickel and
45, Titarium by weight. Ilechanical memory, the property that causes the Banks Hitinol engine
to function, is set at a temperature well abose the transformation temperature range, TTR
(Buehler and Cross, 1968). The Hlitinol is held in the desired shape to be remembered, in our
case straight, and then annealed at a temperatur» of 750 to 1200°F. Lowering the annealing
temperature will give a higher uniaxial expansion when transforming from NiTilll to NiTill
(Figure 4). HiTi melts around 2390°F. The two phases of irterest are the NiTi III, which has
a rhombonedral crystal structure, and NiTill that has a cesium chloride structure. The memory
recovery is associated witnh a nartensitic phase transformation from the cubic Structure high-
temperature pnase to a lower sywwetry (probably rhombonedral) low-temperature phase. The trans-
formation on cooling starts at the lg (the maximum temperature for martensitic transformation
by deformiation) temperature on cooling.
Nitinol ha. two types of uniaxial expansion and contraction.
1. The ordinary mean coefficient of thermal expansion is 5.7 x 107> per Or.
2. The large trinsitional expansion from HiTilll to HiTilIl is irreversible

6

and can be as high as 0.8.. A lower anneal temperature gives a greater
expansion, bSut for good memory characteristics the annealing temperature

is around 932°F which gives about a 0.3. expansion. Temperature transi-
tion ranges are from 165°C (330°F) to nearly liquid nitrogen temperature,
about 77%K (196°C). The transition temperatures can be lowered by increas-
ing the amount of nickel or by substituting cobalt for nickel.

The phenormencn of -eal interest in the Banks HNitina1 engine is the idea of mechanical memory
and optimizing ways to get work out. To describe the phenomenon, start with Nitinol cooled below
the H'f piint (temperature where transforpation to the low temperature phase is complete). Deform
the netal plastically about €.. This causes further transformation to the low temperature phase.
The critical stress for this type of deformation is very small (103 to 104 psi).

The Nitinol is now heated through the AS point (the austenitic start temperature, and the
transformation from NifiIIl to HiTill begins. The transformation continues through the Md.
Between the AS and the ”d points the Hitino! returns to its "remembered” or predeformed snape.
Strong eneryetic and directi-nal electrons in the covalent bonds are believed to pull the dis-
placed atoms back to predefermed positions.

The Hitinol can now be cooled through the “d’ ”s’ and Hlf points where the memory or energy
cycle can be repeated. In an enyine the plastic deformation is ~it into the wire when it is
in the low temperature phase wier. it is very soft. almost like a soft copper wire. It only
takes about 1/10 of the energy to deform it cold as it yields when it is hot. Wnen it transforms
from the rhombohedral phase into the cesium chloride type crystal, it becomes as strong as stainless
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steel wire. It reacnes a yield strength of above 100,300 PSI.

SO now the trick i» to recover the initial strain, which was olastically deformed in the
soft pnase. unen tne mitinol 1, heated through its trensformation temperature it will actually
surink bach to its original dimension. This piece of wire which is four inches long, if you
just pull it, 2/10 of an incih n tue soft state, put it into hot water, it shrinks right back
to its original din.ension. t 15 tuis work of recovery thet you try to get out of the wire.
Potential ‘ork Output and Cost of 55-itinol

If we look at the meximum mecnanical work curve for 55-llitinol we can get an idea of the
N potential work available. Figure § is from a study by Cross et al (1969). Rignt now ve're
uay down on tne learning curve, at a strain of about 1.. The target we'd like to reach is about
5. in;.ial strain and the work cycle repeated indefinitely. This value is far more than any
. tyoe of normal elongation that you run inte.

For tnis tentative case tne mechanical work released per cycle, from Figure 5, would be
1253 in—lbs/in3. Before 5 can be considered a design value, nowever, a fatigue test will be
required at various strains to dJetermine tne highest usable cycle strain for an ergine designed
to run indefinitely. Tie original Banks engine has run about 15 million cycles at a cycle plastic
strain of less than 1..

The energy per pound for 5, strain would be 605 joules/1b (1259 in—lbs/in2 x 1132 joules/
in-1b x 1/.234 in3/1b). If we could run that engine at a Speed of 50 rom (2/3 rps), which is
about wnat we have been runni ) the present engine load, that would yield about 413 watts/1b.
At $60 a pound that would give a cost per kilowatt of about $150. That's at Decerher 1973
researcn quantity prices. MNow we expect that in time, and in large quantities, that the cost
would come down at least by a factor of two. So as a target, say we're looking at $75 per
kilowatt, for just tne nitinol content of the engine. These cost indicators are of interest
wien it is considered that today's nuclear power plants cost about $340 per K and those now
on tne drauing boards will cost close to $1000 per K in the 1980's when they are completed.

At this point, with the possibility of obtaining 600 joules/1b and a potential cost of
$75/%.1, Hitinol looks competitive economically If engine speeds can be increased, the power
rating w111 increase propertionally and the cost per ¥l will decrease inversely proportionally.

To date we nave attaind the following mechanical work values.

J/1b H/1b rpm S/t
Banks =1 engine 10 9.1 55 3270
0.064-inch-diameter wire test 30 ki) 40 960
0.020-inch sheet test 20 20 40 379
Long-range design objective 600 400 40 75

The work requirel) to reset tne 0.064-inch-diam wire in the cold temperature bath is 7.2
v in—lbs/in3 (3.5 j/1b); from Figure 5 it is seen that this value °. negligible. The Banks engine
works the Nitinol 1n bending and the energy released is only 1/4 that of a rod in tension.
The stress and strain are masimum at the outer edges of the wire and zero at the center. The
. long-range objective case assumes that the liitinol is straincd uniformly such as in tension as
shown in Figure 2.

tiow the si-e: if we work in 20 mil sheet, we c~uld have a 1K engine with say 50 blades
avout an inch wide and about 10 1/2 inches long, S0 we'd have a unit that's only about
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24 inches in diameter and about § inches high for a kilowatt. That still allous wnat we think
is enoujh for heat transfer area. Hitinol working at 1250 in—lbs/in3, and usiuy 0.920-inch-thick
Hitinol .ieet, whose properties are presently only partially known to us, would yield the
following:

1/7.433 = 2.48 1bs/K!

2.33 1bs x 17.234 = 10.6 in°

area 10.6/9.920 = 530 in’
or 53 blades eacu 1-incn wide and 12.6-inches long and 0.020-inches thich. The neat transfer
surface vould be 167 in2 or about 9 ‘.-!/in2 (491.3 btu/hr ftz), a very conservative value. The
value of 1250 in-lbs/in3 has only been attained in 3.2320-inch diareter wire working in tension.
Engine Speed and :eat iransfer

Since tie arount of power derived frow an engine is porportioned to its speed (rpm), it
is irportant to increase tne Speed tO an optimum value. To do this requires transmitting the
neat in and out of the Hitinol by conduction and through the film to the water ranidly. Raoid
neat transfer will bring tne Nitinol to a more uniform temperature so tmet it will develoo the
hizhest averaje value of worl. Another consideration is the temperature difference required
to drive tne litinol phase transformation rapidly. Operating with hotter and colder bath
temperatures will speed the reaction.

Jdow, fitinol has neal transfer characteristic, wmuch line austenitic stainless steel, it
is really nard to yet the neat in and out, 50 that implies using small dieneters, or to use it
in sneet form,

The tnermal conlucting properties of normal ditinol and Nitinol in the trensforming phase
brachet tnose of austenitic stainless steel (300-series) as sihown on Figure 6. The first Banks
enjine uses .0il-incn-digreter (1.22 r11) Nitinol wire for its driving elements and has an engine
speed ¢f 55 rp1. at peak load 2and from €5 to 72 rpm without load. At present it is known (see
Cross et a1, 1589) that 3.323-incn {7.95 rx:} diameter wire in tension releases the highest mechan-
ical work per unit voluwe (2990 in—lb/in3 at an initial strain of 7.). Also the conductive heat
transfer rate for 0.023-inch-diareter wire is faster than for 0.743-inch wire. However, many
small wires would cozplicate and increase the cost of an engine. These considerations suggest
tuat the sheet form of Nitinol is a good cendidate, but its mechanical worhk property will have
to be determined.
tiork to Do

Hovi, wnen ae taik about 15 million cycles, that is for our present engine which is working
at about 27 {in-1b)per cubic incn. So we like to improve the engine so that it is operating
at about 1252 (*n—]b)/in:. The present ergine uses the wire in bending uhere the outer fibars
are at the maxiwum Stress and the center fibers are at zero stress. When you integrate the
stress together with tie face that is's a round wire, the peak energy will only be 1/2 of what
Jou can get if sou pul:i tie wire in tension. But that's okay, that would give us enough to
prove the concept. ushen e work down at 1/2 to 1. longation where we are getting that 15 million
cscl2s, we have tu do three things. ‘e have to increase the initial strain and see if we stili
get iong life. Secondly, we have to do a heat balance. 'le can handle the specific heat in
and out of the wire and I don't think that is going to be too difficult. However, there is alsc
2 heat of transition tnat is associated with th2 phase transformation and that is one we have
to 'jo into and see exactly what that is gowng to do to tiie thermal efficiency. At present with
the engine working doun in the 1., elongation range we are not converting too much of the matermal.
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Besides tne hieat balance and tne fatigue, the third thing we'd like to do is Study the fracture

mode of u futigue farlure. We have an inorgamic material laboratory at Berkeley very interested
in this failure wode. They want to cut discs out of 43 mil wire and then etch them down to

a juarter of a micron. Tuey will then look +t them in a transmission electron microscooe and
watcu the wertensitic transformation take place to determine if it is a type of transition that
is> resersible, So with those tiwee things are our main efforts of work. Uhat we really would
like 1S to have the opportunity to heep on finding out the answers and to develop this into

a better engine.

Conclusion

At tnis point the development of the Banks Nitinol engine has the potential to be economi-
.11y feasible for low-temperature-difference (about 45°C) applications. An engine working
3 low-terperature-difference is un expecially good choice vhere the higher temperature already
exist., otnerwise engines operating on low Carnot efficiencies require heating disproportionate
armounts of fluid. Exanples are:
e A solar-pouered engine for building air conditioning applications
used to drive a vapor compressor.
* A solar-powered engine for building heating applications to drive
a blover to distribute the heat,
* A solar-povered engine to drive an agricultural water pump. The
well water vuould be the cold sink.
e A {litinol engine driven by waste heat from an electrical power
generation plant sited to use ocean cooling water.
we are wurrently doing some testing and optimizing engine element design. Our ubjective
is to construct a reliable and economical i1ti ' engine. Our motivation is the use of Hitinol
in a low-temperature difference engine at a potential cost of around $75 per K. Ue see many
reasons for going ahead.
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Fig. 2. Glow from a small light
bulb sigrals the successful genera-
tion of electricity by the Banks
engine. Sclar Coilector stop LBL
physics building supplies the hot
water to drive the engine

Fig. 3. "Solar Heat to Electri-
city in a Ridiculously Small Way"
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N U N N vt
cukniencator: 'lilliam Bechman

University of isconsin

T4es.0ns and snsvers:

Jechian:  First Luestinn 15 to Peler Lunde. liow sensitive is tue systeri perforuance to the hunidi-
fication uater addition tenpera:ure?

Lunde: 1 don't think it would be very sensitive. A1l the prelininary nwibers I ran presume that -
tae vater is 1t tie adiabatic saturation teiperature. You would lose frow your air conditioning
serfuri.ance tuat w.ount of neat necessary to cool tue vater to the adiaba'ic saturation temper-

ature if I rererber iy thermod mamics correctly. *

Gechian: s the auther fariliar with the large Australian work in silica gels, and if yes, would
ne please corvent en their findings on solar energy-silica gel combination usage.

wande: I juess [ was just talking outside witn gentlemen wno also proposed that question. HNo,

{"i* not candliar with it, Ue've looked uo silica gel in the literature and found a very little
even on the ejuilivriun rodel or equilibrium capacity and nothing on the dynamics. ['t not aware
of tne Australian work Lut I will look it up. It apparently appeared in the Solar Eneray Journal.
They lecided tnat silice gel could not be regenerated in the 137 to 277 Jegree range, but I can
regort that ['ve Jone *his in a one oound bed in work that I did not Jiscuss in the renort tonight.

So I guess tnere is a conflict there.

Sechian: That's all tne guestions. [ niight nele a corment that I'm somewhat fawiliar with the
asstralian vork, It uas actually Jone uy Bob Dunkel and Jon Close and i think if you were to write
tne CSIRC Jlecnanical Engineering Division they would have all of tne necessary informavion, e
nave one .Jritten question, actually it was ashed to any one of the number of people but we'll ask
2111 "usn, Can solar neat at 233 Je vees F. be used to reqenerate a desiccant with no auxiliary
neat source? Is tnat a traleoff betueen regeneration terperature and residence time?

dusul  Tuere are tuo tuinjs sou ueve to remember wuen s0u are qoing tc regenerate. The number of

J7u's that you put into the wneel nust ue sufficient to evaporate tiie number of oounds of water

that uave beesn adsorbed on tue wieei. So theoretically, 297 deqrees could do the job for some

relativel s 10w urount of water matching the quantit, of enerqy that you're qoing to put in the

uheel to rejenerates ‘'owever, in the next instant when the wneel becores a desiccant again on the
desiccant side there nas to be a Jriving force between the partial pressure of the water vapor

1w tne air and the equilibrium terperature concentration on tie surface of the desiccant when it

1oves iite that zone. So, there is sore point at which 270 Jegrees F is sufficiently high, but I

Jon't know exactly to uhat anbient that would correspond at which you would need absolutely no

aukiliary neat. One of tne nice features this system is that if your collector is at 200 degrees v
for esaple, ysou would only need about 53 of the gas energy you need at design. As the ambient
conditions Lecowe nilder, then 200 Jegyrees may be able to supply 27, 95 of the energy required.

o4 beinj able to couple witn a thermal Looster in this system, stored fluid is supplied at what- .
ever tenpera.ure above 175 deyrees F, say 192 degrees F, or 27) degrees F, you can use every bit

of that enerjy tnat is possible to Le transferred into the syste:, at the low temperature level and

178

O
o ¢

24

ERIC

Aruitoxt provided by Eic:




then top it at that point. Unlike other types of systems, it is conceivable that the tewperature
Jou nave to deliver will leave tie systeir at & higher tenperature thau the collector is operating
on that day. Je'll never run into that problem with the MLC s/stem because we can use the energy
at tne temperature tnat exists in storage and put it into the system at that temperature level.

Bechuan: At one point it Lothered e, I thiink it was during the heating cycle that you indicated
energy from the collector at 230 deyrees and you didn't need it so you used a very poor heat
exchanger to reduce it to something lower. It just seemed, it sent shudders up and down wy spine
to see that kind of thing.

Rusn: 1o, again we will use whatever terwerature is stored, but rererber the peaking problem.

At 233 legrees and witn the ueat excuange area that we have in the unit we would deplete the stored

enerd; too juickly. Also, if we nad 233 degrees stor:d the air coming into the neat exchanger

would leave at 227 degrees. It would then transfer tue 223 degree air to the other side where

2 it would come off at 217 degrees F - wnich is just too hot to put back into ones house. So what

"3§h [weat? Tike to uu, is prorate that usage of stored energy. Take the 237 deqree air, use only

o part of tne neat excaange surface, return the fluid to storage at 2. degrees, by taking the 10

degree drop, Lut onl/ ceat the incoming air from room temperature w 123 deqrees. At that usage
rate ,ne can use wiaatever stored energy selected to be prorated over a 24 hour period for even @
zero Jegree Jays. You use just tie amount of natural gas required to deliver the 155 degree air
for the arount of solar energy needed on a 24 hour basis. Thus, Lotk are used equally over that
unole period of tire.

Cechman: One juestion for Sean llellesley-lliller. Could you olease describe the size of the
projected unit, its output, efficiency and’~r life as you are sort of designing towards?

Jellesley-tlilier: If I kneu the answer to all of those questions, you wouldn't need a grant to
devclop that systen. The size tne nodules will be about four by eight feet. The efficiency
will probably close to tnat for an absorption cycle. Design life is 27 to 37 years and we hope
tae payoff time is 12 to 15 years.

Bechman: e have a couple of questions for Cenjamin Shelouk of RCA. Could you give us some
efficiencies, powers or siqnificant perforrance characteristics of the Vil machines that you
actually showed in your oresentation? I guess what is asked is why you did show some ready made
nieces of equipment. Could you teil us bow they actually did perform?

Snelpuk:  Tes, tie refrigerator I jave tiin performance on was a three watt refrigerator and the input
as [ indicsted was one tenth pound of propane per hour at 27,132 BTU'. per hour would make it 2,000
5TU's per wour. The output of that wmachine is 15 watts of iechanical werk, three watts of refri-
geration at 77 deqgrees Kelvin. The Lurner is roughly 47, efficient, so that inp.t eneray is 4/13's
of 2,13 BTU's wnich would be 302 BTU's or roughly 229 watts.

. Bechman: Flate type reyenerators nave Leen characterized by condu.tior .long the gradient. How do
/0u prevent or mininize tnis?
Shelpuk: To aciiieve optitun perfurnance in a reqgenecdtor tag sweds to atuleve the same tempera=~

» ture jJradient in the rejenerator tuct exists 1 tie qus. flowina through it. In a cryotgenic regener-
ator, for instence, wiere you wight Le reqgenerating fra 327 doun to 77, you want that same profile

to exist in 2 renenerator, That's uhy you break up the conduction paths and create insulated heat
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stations n that Jirection. lHow, what we're proposing in the plate type regenerator is to go to

a foil. Ulen we yet o ratio of heat transfer area to back conduction area, that vets sufficiently
nigh, the regenerator acts like it's partitioned in the flow direction. It's strictly a matter

of tue ratio of heat transfer area to bach conduction area. When you 4o to a very thin foil of low
conductivity, three, four five mils, you tend to elimnate that problem.

Bechman: It seews Tike an obvious solution. I wonder wiy it was posed as a question in the first
place. I, it a problen that has come up in the past? To make plates is an obvious way of eliminat-
ing conduction, and I wonder why the question was posed. lave people built these systems with
thicl wall plates and have nhad trouble?

Shelpuh: I don't know a lot about gas turbine regenerators, and the gentleucn who asked the
question niay be familiar with them, and maybe that's why he's asking the yuestion. [ would think
that i- u jas turbine where you have very high temperature that you've got a oroblem of erosion

and chenical attack to the reyenerator. le're talking about room temperature, and I think that the
very thin foils will stand up in this kind of condition.

Dechman: llave you included: 1) self motivation power in your analysis and 1 really have to admit
that I'm not sure what is meant by that.

Shelpuk: .ell, I talked about self motivation power in the first photograph that I showed, and
tne answer t0 the question is, no I have not included self motivation power. That certainly is
a thing that I think we would wan. to put into an ultimate device but I think we want to .,alk
before we run.

Beckman: iave you included auxiliary power to any of your COP assessments?

Shelpuk: .o. We have not included auxiliary power in the numbers shown in the analysis and there
would be an additional 629 vatts required to drive the auxiliaries to the system.

Beckman: How did you actually propose to get 300 degrees out of solar?

Shelpuk: ‘lell, we analyzed the refrigerator under two conditions. We analyzed it at 350 degree
temperatures and we analyzed it at 200 degree temperatures. le did that for good reason. The
machine performs better at 350 degrees and there is snme indication with high performance collectors,
of types that various people have proposed that 35 degrees is something that one could speculate

in the future. The refrigerator however will work at 290 degrees input heat and we clearly indicated
what its performance will be under those conditions.

Beckman: So the 350 degrees is hoped for some future collector.

Shelpuk: The question was asked out in the hall to me was why did I cut it off at 357 degrees.

It was cut off because the guestion could have been asked how do you propose to get higher than 35)
degrees?

Beckman: The final question is more in the line of a comment. The comment is I do not consider
(it's not my comment I'm reading), 3500 PSI the hydrogen at eight hertz at all represents a prac-
tical machine.

Snelpuk: As I indicated in my discussion, that ve have begun only recently to consider this tech-
nique as an air conditioning possibility and we feel as workers in the field that it is still
difficult to describe the configuration which is best for air conditioning applications. When we
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applied our intuition to the design process, we didn't get a good machiue performance. However,

unen we beyar to jrind our computer, we found various combinations of regenerator configurations,
pressure speed, geometry of the air conditioner that yave us a wide range of verformance. My .
position is that one wouldn't bLeyin an experimental program until he did a 1ittle bit more analytic
searching and I think that the direction of the searching would be in the direction of reducing the
pressure sonewhat. On the other nand, 3500 PSI 1s not unusual. We have bottles of that type 1n our
laborutory. I'm not proposing tiut it wall be desirable to have a nitrogen or hydrogen hottle at
tnat pres.ure 1n youur nome. Dut I think that it is not as undesirable as the proposer has indicated.
\le would look at that problen.

Bechuan: e have a couple of guestions for Paul Hernandez and Ridgway Banks that concern their
wonderful machine. The guestions are centered around with a bimetallic strip work 1n the same
manner as the alloy 15 proposed.

Hernandez: Yes, it would, but I think I should let Ridgway Banks maybe answer this question,
because that was the first step of the evolution.

Banks: I think it would, I want to do 1t. The efficiency of the biretallic strip would be very Yow.
It would be less than a tenth of a percent according to calculations that we made. This would

really be un economic consideration. You'd need a terrific mass of bim.tallic materials to get
significant power out of a low temperature source. You have one 1ittle help there in that they're
double acting. I'd like to see it done just for fun. I guess another serious constraint is that

the biwetallic strips are typically nickel steel on an invar Lond. They're not at all resistant to
corrosion and so I tihink you would be constrained in your implementation. The efficiency figures that
I've got for bimetallic strips-and this is off the page (I haven't really because when I foun! the
nitinol, I dropped the bimetallics 1ike a hot nickel, the other looked so good), would be in the

order of .07%.

Beckman: Have you made any estimates of the ratio work output to heat required. I guess that is
reaily a question about what is the conversion efficiency of the cycle?

Canks: \le have only the crudest idea of efficiency at this time. We know that there is a heat of
transforuation of about 415) joules/mole (39 J/gm) that will be transferred each time the Nitinol is
heated or cooled. In addition, of course, there 1s the sensible {specific) heat on each side of
tue transition temperature that must be transferred. We have not done any calorimetry tests. Working
with small temperature differences of 41 to 3N degrees K against an available ambient cold sink
tewperature of 300 degrees K will limit the Carnot thermal efficiency to 12 to 21%. Based on pub-
lished data, a limiting thermal efficiency for the Nitinol can be envisioned as the ratio of the
maximum work per unit weight per cycle over the heat of transition. The best reported value {Cross
1969) will yield a thermal efficiency of 7.9 (= 1400 J/1b work/17700 J/1L heat of transition).
The target value tliat I discussed of 1259 in~1bs/in3 at 5. elongation would give a thermal efficiency
° of 3.4, {600/17700). This thermal efficiency of 3.4 is (3.4/12 =) 20% of Carnot for a AT of 40
degrees K with a 390 degrees X cold sink. In addition, other losses such as friction, Cosine Law,
effects of crank mechanisu, and losses dragging the tlitinol through water must be added. It should
» be noted that efficiencies 1n this engine can not be improved indefinitely by increasing the temper-’~
ature difference. If you assurie a reasonable temperature difference of 40 degrees C, {because you
see pnce you've established the hot pliase and the cold phase, you don't increase the efficiency of
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the vorking waterial by incredsing your temperature difference). So this is another peculiarity in
terms of heat engines.

Beckman: [Is the nitinol thermal elastic cycle reversible? In other words, can a temperature
difference be produced by mechanical work on a shaft of the device, and if so, what are the prospects
of a heat driven refrigeration device?

Banks: Yes, it is reversible. If you Lend the wire-tanke a straight wire, hold it against your

1ip and bend it into a horseshoe shape vigorously-it gets yuite hot. Then if you let it cool down

in the saie shape (constrained in a loop) to ambient temperatures and open that loop, it gets very
coli. This 1s pretty unusual. Rubber will do this. For a practical heat pump I certainly wouldn't
rule it out. The tempersture Jifference has been noted as uuch as 15 degrees C between the exothermic
and the endothermac reaction. It's certainly worth considering.

Cechman: The question is a comment. I saw a nitinol engine like this n an industrial lab three
sears ajo. The problen was that the heat of warming and cooling was very high and the work output
very low and for that reason it's assuned that they gave up the work.

Banks: I know of various projects that were initiated, using the ability of nitinol to work across
a teuperature gradient. The ocue that I'm wost familiar with (and several people have spoken to me
about this) is a spin cff frou the rubber band engine that was wade by Paul Archibald from Lawrence
Livermore Lab and reported ¢ couple years ago in the Amateur Scientist section of Scientific American.
I have spoken with Mr. Archibald, but I didn't know a thing about s work when I designed my first
engine. Then someone charitably sent me a xerox of his thing, and of course his configuration is
very niuch 1the mine. Then when I was trying to find a source of supply of tie wire I got in contact
with soueone else at Livermore, and tney told me to contact Archibald. A telepnone call took place,
and if sou've ever seen two people playing it close to the vest. The verbal communication density

of tnat telephone conversation was about the lowest ever. Later on he came and spent part of the day
witn us and we had a good time.

The truuble seems to have bLeen 1n these early experiments, that they used the wire in tension, in
Tinear tension and aot in flexure. Jow, initially, we tiought that this was probably a fixture-
relatad probleri. You cannot exceed an eight percent fiber strain n this wire-you cannot simply
beud it around a screw and clarmp it doun or it will break on you. As a umatter of fact, I made
histcry thi- evening with that little sample I was showing you, playing with it out in the hall I
snhapped one of the wires. If you respect the limits, you're okay. Of course we will have to push
tuose liwits until we have offended the wire to the point where it Joes fatigue. In the linear ten-
sjon 1iode, I tnink tuere is another thing that happens here: we assuue that the outer fibers of the
wire and the outer crystals are wore affected than the inner ones. I think Paul Hernandez brought
tuys up. There is a serious question: ‘Mhat happens at the Loundary there? At the interface between
the two phases? It could be that you're setting up internal tensions that are going to require looking
at, and this nicro honing of the wires and looking at various cuts across the cross section with the
transiission electron iiicroscope should be very helpful there. Paul would like to know if the author
of tnat question is here, what laboratory it was?

Dechinan: One ruestion to Harold Hay. I was wondering 1f he could come, and very briefly, tell us
how well his house is actually performing today.

Hay: Today it's operating. Last week it wasn't. \ater got under the water Leds bLecause the wood
end closure wasn't sealed around the perwweter; rain moved back under the liner. The steel Leam was
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Wrun Jy dnotnes protitype tiiingy it turned out to be a condenser. Air entered between tue waterbeds
vnere waterbeds ro,,s up ound over thie beans, water condensed inside, and drained down to the

vetal Jdesh. The tan who s61d us tue steel saiu don't put any holes in it, but the builder said "I
can't weld it, it's nucn cheaper to Jdrill holes in it." e drilled holes, water went in. These are
Srotutype uroblers; we sulved tue roujli ones, we stubbed our toes on tue ratier eaSy ones, and we are
ready to 4o into prototype design.

The house went throujh the suirer with a one degree 24 hour cycle; no thermostat is qoing to
Ju tnat onoa ooy ng eycle. This winter tne autonation ejuipnent has not aluays operated and the
panels of insulation hadn't been sealed. The wind bLlew between them, carrying a loss of three
Jejrees a Jday under the worst possille conditions. This has been partially corrected so one may
lose tuo deqgrees a Jday which neans that with a ten degree reservoir there will be a five, six day
heat carry through.

low is it perfortiing today? ‘lhen the roof ponds were put buck into operation they went up ten
dejrees in terperature in one day. le're awaiting another cold spell to get solid weather data and
will jive you the answer then. Delays in developing a good automation system prevented us from getting
complete surmer data but that obtained was excellent.

There i, no reason to be afraid of water ou the roof. In 1966 in Germany, tihey started putting
plastic fili. on roofs, not they're selling tins in llew Jersey. They've cleared the codes, the labor
unions and everything else and what are they doiny? Using a flat roof, covering it with a 32 mil
luger of poly vingl chloride and to heep the winds from blowing that auay they ballast it with some
river stones, or with uater. So tiey ulready have the water pond up there. That's a going system
thut other people are introducing on the basis of wonderful experience. I think we'l) also have the
same results.

Bechman: !le'l] open it for general questions from the audience.

Richard !lilliams, Georvia .cci: I have a question for Bill Rush on hLis last slide. But ne had the
solar nedt coning an at 275 Jegrees F. This is the gas assisted desiccant air conditioninrg system. The
solar inieat was coning in ut 23 degrees Lut it was degraded, so the air was only heated to something
Tike 132 and tuen you use yas. A gas flame to heat it on up to 230 and the question, is why use gas at
911? If you lave the solar heat available at 230, why not let it heat the air up to 290 degrees and

not use the gas flame?

Pusn: Okay, if you tale the temperature drop that we shou tliere, 239 down to 220, you will find that
it w111, over the 24 hour period exhaust one million BTU's. However, a 24 hour period at the design
conditiun requires 1,372,000 BTU's. So I've got to put in 509,700 BTU's that I don't have stored.
w4 I have a choice. Put it in u)] at once in whichh case I deplete ny storage at two in the morning
or prorate it over a 24 hour day. te chose to do the latter.

Carl Lurch, University of Virginia: I wonder about the long term effects of such thinas as oi}
- tapor that 1iighit be 1n tue Louse. The drying and absorping of tue desiccant. Does it tend to powder or
change in physical characteristics?

Rush: So did we. Tne answer is n0. At least as far as we can tell at the present time. Hopefully,
we'11 Kiow niore after we yet tiirough. There might be some people here frouw Cargocaire and so on.
This type uf drying wheel has Leen in business for a long, lony time. Cargocaire and ing have long
experience. HMany of the wmissile silos have had their humidity controlled by this type of a device.
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There is a water wash on one side while on the other side you're going to have some kind of a screen
to take out large particusates. If you will just remember for half of its cycle, where air with a
linear velocity of 200 feet per minute impinges on one face, however over the next 2 1/2 minutes,
there is a linear velocity of 200 feet per minute going the other way. e have seen no evidence

of any kind of buildup, at least under the conditions we're operating. Yhat this is going to do,
how severe this is going to be, in an actual operating system, I can't tell you. I have however
talked to the pzople who perforn humidity control for dry ship holds for example, with some of the

foulest atmospheres that have hit that thing and they seenm to last for years.

Bechman: One or two more questions, short ones. If there are none, we won't ask again and call it
quits and thank you.
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Session V. Rankine Cycle -~ Burriss

SOLAR-POJFREY PAIKENE CYCLE COOLING SYSTEIS

Jilliam L, lurriss

The Garrett Corp.

Solar-pouered sys%ers for Luiluing air conditioning require (1) a thermodynamic cycle that
will aive :uod perfort ance at the reiativels low te.iperature levels orovided by loi-cost solar
wlledsors, an. Q) equiorent Suitecle for low-cost oroduction and long-life ougration with minimum
~aintenance.

Tnis paper will discuss now tne Ranline cycle Systen is abhle to riet these requirements and
proviee nign Syster. performance over a uroad range of design conditions. The hey to this aporoach
is tuae turboiachinery tecnnology tnat has been developed at AiResearc. for a wide veriaty of
appituetions.  Tnis techmology alreads has been apolied to tne oroblem of diesel encine suoer-
cnarging for tue iass production of sinilar type turbomacninery {337,717 units per year presant
production rate). As will e discussed, the turbocororessor rejquired witn a heat-nowered Rankine
cycle sssten is simple in desiqn and snould be suitable for low-cost production.

System Descriotion

Figure 1 snows tne single-fluid :eat-powered Rankine cycle cooling system using turbomachinery.
Tne sssten is spiit into two loops, one a conventional Rankine power cycle with a turbine that
drives a corpressor in a conventional varor refrigeration cycle. The tuo loons use the same fluid
anJ Smare ¢ cormon condenser. The preneater is an option tha“ 4111 be used for the higner temper-
ature Sssteis. Tne Systen also ras include an alternator or rotor on the turbine shaft to provide
an auziliary electrical output or input as additional options.

A nussber of Jdifferent fluids can be used in these systems., Factors invelving cycle perfor-
mance, fluid stability at tne ooserating terperature level, aend cost will be involved in fluid
selection. R-11 and R-113 saow good performance and excellent stability cnaractoristics in the
332° to 232%F range. It nas been in.icated that R-114 is suitable up to 600°F. The high-temperature
organic working fluids develooed for Panline cower systems represent other possibilities.

In tne siagle~-fluid systen, snaft seals can be eliminated and the turbocompressor can be
operatod on fluid bearings. Eliiination of tne lubricaent from the uvorkina fluid by use of fluid
bearings avoius .ny potential fouling problem in the boiler. Furthermore, the fluid bearings
nave aniinitew 1fe. Elinination of Jdsanac external shaft seals ninimizes refrigarant leakage
from ‘ne system. Tnese feature, resuit in a System that should have a very lona and maintenance-
fren life.

Performance Characteristics

Figure 2 snows tne effect of cscle boiling temperature on coefficient of performance for
representative conditions. Coefficient of performance (COP) is Jefined here as the refrigerating
effect per umit neat input te tue cycle. The performance incentive for use of higher temperature
and a preneater is graphically illusirated in Fiqure 2.

It is vreferabie to use a collector design thai prov.des a higher boiling termerature. A
substantial reduction in collector area is suown in Figure 3 for the higher teroerature. In
addition, the size of the condanser will be reduced by approzirately one-half. Of course,

186




hign-terwerature collactors are not practical for 311 installations. Consequently, low-temperature
systews will be used, particularly for tue lewer ratings, uhera the corplexity of tune hiyh-temperature
collector cannot be justified.

Performance of low-terperature Rankine cycle systems is sensitive to condensing temperature,
a5 swoun by Fiaure 1, The uerforriance gains ol.tained by reducing the conuensing temnerature must
be balan.ed against tne costs associated with a cooling tower, evaporative condenser, or other
rmeans required to provide the reduced condensing temperature.

Tne cycle nerforrance tradeoff for evaporator design is shoun in Figure 5. Somz idea of

N the cycle performance as a heat pump can be gained from this chart, since heating CCP is equal
to coo]fng COP plus one. Like all vapor-cycle heat pumbs, a reduction in heating casacity will
be obtained with Jecreasing arbient temperature. In this case, however, it wilil hold up better

4 than an electrically driven heat purp, Since the system includes a oower cycle as a part of the
heat source.

Figure ¢ sucws tne effect on nerforiance of corponent efficiency and working fluid pressure
Jro, in tne heat excnanger. Turbocomoressor oroduct efficiency of 92.56 is readily attainable
witn Jood Jdesign. The turbocormpressor is lightly stressed, simple in design, uses inexoensive
rmaterials, and snould be suitable for low-cost mass production.

Turbocoinpressor

\
|
|
|
|
|
|
Tne turococorpressor is the only unique or novel component in the system. Figure 7 shows
2 turbocormressor Jdeveloged by iResearcn for a heat-powered Rankine cycle cooling system. This
systern user R-11 and operates at a design of 230°F boiling terperature and a 147°F condensing i
teiperature. Tne turbocorpressor operates at a nominal 53,303 rpm and provides a rateq system l
cooling capacit, of 5 tons. |
llecnanical simplicity of the desiqn is apparent from Figure 3, whicn shous the disassembled i
turbocoipressor. The turbe-ompressor has a single rotating shaft supported by gas bearings, |
conteining a radial-infiou turbine at one end, and a two-stage radial-flou compressor af the other }
enu. 1t s:iould be erpnasized tnat tn’s is a orototype design and that considerable design simpli-
ficatiua 3 reduce manufacturing cost is possible. For examnie, a single-stage corpressor can ‘
be used for a sysiem designed for a lower condensing temperature.

Figure I shows a cioseup vieu of the rotors. The compressor rotors are aooroximately 2.25

1. in diareter; tue turbine rofor has a 2.79-in. diareter. These aluninum alloy rotors are
lightly stressed at the design 57,70-rom operating speed.
Conclusions
In surmary, it is concluded that the heat-povered Rankine cycle cooling system can be designed
to opera“e over a wide range of design conditions and will be strongly competitive with absorption
cycle systems. Two basic types of heat-powered Rankine cycle systems are envisaged for solar
neat sources:
(1) A lou-temperature cycle designed to operate at boiling
temperature under 200%F with flat plate type solar collector.
(2) A high-tenperature cycle that will be designed to operate at
boiling temperatures on the order of 600°F with concentrating
type solar collectors. |
The first type of syster may see more widespread usage because of its suitability for home }
air conditioning over an exteausive geographical distribution range. The second may be restricted
to relatively large systems and lecations in the southwest areas of the country.
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Session V. Rankine Cycle - Curran
SOLAR RANKIHE CYCLL POUERED CGOLING SYSTENS
Henry Curran

Hittman Assoc.

This nresentation covers preliminary work on a recently awarded NSF contract. The project
objective is to study the feasibility of using the Rankine cycle to convert solar thermal energy
to nechanical energy, wnich is to be used to drive o compression refrigeraticn machine for the
cooling of buildings. This is a rather specific application; heating or other ancillary possi-
bilities for solar energy are not included. In a real system the solar collector would have
to be integrated with other requirerents such as space heating and water heating.

The specific tasks involve determination of the characteristics of Rankine cycles and other
system cormponents, and evaluation of the total system. Rankine engines which are of a small
size and capable of operating at low temperatures wiil be of particular interest. The total
systei. evaluation will not be an optimizaticn, but primarily a determination of the overall con-
ditions for feausibility. The Rankine engines under consideration include reciprocating, turbine
and rotary enyine expanderc. Operational characteristics of interest are the working fluid,
tue maxirum termperature, the coadensing temperature, the mechanical load, pump work, fan work,
service life, and costs.

Figure 1 shows a jJeneralized system, indicating the possible components vhich might be con-
sidered in a Rankine cycle type system for space cooling. The solar collector has an energy input
rate, Qs, which is indicated schematically as a function of diurnal time. The cooling load
consists of heat which is received from the space to be cooled. The cooling load rate, QL’ is
also indicated .ith the respect to diurnal time. For 2 particular system an average overall COP
nay be defined as the ratio of the load rate integral to the solar energy input integral.

Various storage units are indicated, not all of which would be used in any one system.
Oynaric storage between the Rankine cycle expander and the vapor compression refrigeration com-
pressor might be, for cxample, a super fly-wheel. Possibilities for driving the system when
there is no sunlight include an auxiliary tiiermal energy input to the Rankine cycle, or an
auxiliary electric energy input to the vapor compression refrigeration compressor. Various trade-
offs are possible here in terris of system capacity and storage capacity. For example, the peak
cooling load could be taken care of by a low-temperature storage unit if the vapor compression
unit were operated continuously at an average load value. The storage unit would take care of
the diurnal suriation and allow the use of a smaller capaiity refrigeration unit for the 24 hour
csule. Additional storage could be added to take care of a cloudy day following a sunny day.
However, this wou'< increase the capacity of the vapor compression refrigeration machine, so
that on a sunny day it could store cooling capacity for use on a cloudy day. The result of this
is that, if the cloudy day does not occur, there is excess capacity ir the vapor comoression
machine. Similar considerations can be made with regard to the high temperature thermal energy
storage in its interaction with the solar collector. The question here would be whether or not to
use more storage than would be required to cover the diurnal cycle. Additional energy storage
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to take care of a cloudy day follouing a suﬁny day requires that the solar collector bz propor-
tionately larger. [f the cloudy day does not occur, then the solar collector is unnecessarily
large for that particular point in time.

Figure 2 indir1tes the auxiliary energy alternatives when solar energy is inadequate. A
Jocal fuel input could be used to drive the Rankine cycle at some efficiencyi7 RC* The alternative
is a fuel input into a power plant which delivers energy at a combined plant and transmission
}ZP 7[T’ efficiency to an electric drive. Assuming @ value at 0.31, and allowing for a fairly
high efficiency for the electric motor,)?n might be about 0.3. From the standpoint of encrgy
conservation the choice would be on the relalicnship between 7? RC and PZM' Assuming?(m = 0.3
the preferable alternative when7(Rc >0.3 is the Tocal combustion of fuel. For7'p.<0.3 the
preferable alternative is the electric drive. Of course, the various fuel alternatives must also
be considered in the analysis of auxiliary energy inputs.

Theoretical energy calculations provide insight into the attainable values ofAch. Figure
3 suous tue Carnot efficiency as a function of the upper and lower temperatures. Assuming an
upper temperature at 250°F, which is quoted for some flat plate solar collectors, the Carnot
efficiency at 90°F Tower temperature, is on the order of 0.23. In a real system, of course, the
efficiency would be much lower than this. Using water as a working fluid the ideal Rankine cycle
efficiency for the same temperatures is about 0.08. This is one of the reasons why water is
net an ideal choice for a low temperature Rankine cycle system.

Using an organic working fluid, such as R114, the ideal Rankine cycle efficiency, with regen-
eration, is about 0.19 for the 2500/900 temperature. Real R-114 cycles will have efficiencies
much lower than this ideal value.
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Session V. Rankine Cycle - Biancardi
HEEDED RESEARCH O SCLAR RANKINHE SYSTEMS
Frank R. Biancard®

United Aircraft Researcl. Laboratories

Background

United Aircraft's activities in Rankine cycle systems began approximately ten years ago
and I'd like to describe how some of that work is related to tue Solar-Power Turboconmpressor
Syster concept I'm advocating today. I believe that the concept of using Rankine cycles in
conjunction with solar power is possibly more mature than many people at this conference are
avare of.

UA work in Rankine cycles and specifically in Rankine cycle thermally-powered air condi-
tioning systems beqgan (as indicated in Figure 1) with a request in 1963 by Columbia Gas Service
Syster Corporation to 1ook at new and novel ways of using natural gas to provide air-conditioning.
The motivation for this work at that time was to encourage the sale of natural gas during the
sumer in order to even out the year-round sales profile. During tihiis work UARL undertook studies
to compare fluids for use in Rankine cycle air-conditioning systems and some prelininary com-
ponent design and evaluation work. This activity extended over the next couple of years under
corporate funding during which time extensive design and cost analyses were unaertaken. Some
corporate work on bearing tests for our turbocompressor concept were also performed at the
Hamilton Standard Division (HSD) of UA. Finally, a demonstration unit was built by HSD and
perforiiance and control systeu testing of the unit was perforued. Estimates of the total devel-
oprient costs were also made and I might note that the figures were not $100,000 to $1,000,000,
but more 1ike several million to bring such a product to the market place and have it be Suc-
cessful,

During this tire UARL also evaluated a number of waste heat applications. laste heat turns
out to be a very interesting area for Ranihine cycles becausec of the unique characteristics of
mans organic working fluids which make them suitable for use at low peak system temperatures.
ilany applications were found such as the petrochemical and ammonia plants whicis have abundant
Tnu-temperature waste nheat sources from which useful power to operate refrigeration systems or
to produce electrical energy could be generated.

In early '63 a summary of the program activities in air-conditioning was presented to ASHRAE.
Finally, jeotherrmal applications and a number of other areas which could use Rankine-cycle systems
were studied. For example, enornous quantities of power using fluorucarbon working fluids (i.e.,
the Freons) can be provided using a Rankine-cycle bottoming systew and this may be an application
that will come along in the next five to ten years,

/

Air-Conditioning Concepts

Figure 2 shows some of the concepts that were evaluated during our early studies of thermally-
powered air conditioning systems. Some of these same concepts are being advocated again for
. use with lolar energy. Our evaluations included an extensive review of abscrption systems, both
of the conventional HH3-H20 and LiBr-HZO and other types. Although absorption systems provide
an opportunity for heat exchanger rianufacturers, our study indicated that a unique thermally-
driven class of systems would Le the so-called double-loop systems. There are two basic types
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of Jouble-Toop systems; one which uses @ reciprocating expauder-compressor or a turbine and
compressor, aud the otuer which uses an ejector to provide corprassion for the cooling system,
A basic problem with un egjectur Jdouble-loop system is that an ejector is not as efficient as

a compressor. Although substantial development funds hive Leen spent by various oruunizutions
in an attempt to improve ejector efficiency these efforts have never Leen too successful,
Therefore, double-loop systems will require the use of a reciprocating expander-compressor or
turbomachinery to @chieve high efficiency levels.

Figure 3 shous a very siwplified diagran of the turbocorpressor air-conditioning double-loop
system. There are two loops; one iS the power loop which consists of thie Ranline-cycle puwer
jeneration system and the other is the cooling loop which consists of the vapor comoression
refrigeration system. Hot fluid from the collector/storage system is used to vaporize the power
Toop vorking fluid which is expanded i the turbine to produce work to drive the compressor, s
The overall uiotivation in Jevising the turbocompressor system has been to provide a simple,
low cost, low raintenance system. If a small reduction in Performance was raquired to reduce
cost or increase reliability this was generally an acceptable compromise, since tne major com-
petition is an electric Jriven-vapor compression system which represents a very low-cost target.
During our study various means of reducing costs yet providing reasonable performance were
exarnined, For example, the use of a single working fluid in both the power loop and the cooling
loop was selected even though this did not provide the highest performance system, since it
results in reduced costs. Wit only one fluid in the system, elaborate seals are not required
and two separate loops with receivers, fill-lines, etc. are not necessary. The use of a regen-
erator was also evaluated and it was decided that the added complexity was unvarranted in the
system, even though a modest performance improvement is possible.

The coefficient of performance (COP) of double~loop system can be determined in a simplified
fashion by using the ideal efficiency of the power generation cycle, the ideal COP of the refri-
geration cycle togetuer with the estimated turbine and compressor component adiabatic efficiencies
Cﬂt,nc) as shown in Figure 4. If the system includes a fired-burner the burner efficiency of
which (06) should also be included. However, for soler enerqy applications this is equal to
unity.

Horking Fluid Selection for Double-Loop Systems
Selection of the working fluid for a residential or industrial solar-powered air-conditioning

system requires consideration of maay factors, including 1imits of working fluid chemical stability,
Laxinuil system pressure levels and hence safety and Jesign code requirements, achievable component
perforrance jevels and overall system perforriance and cost. The coefficient of performance

of Jouble-loop systems usiny coumon low-cost refrigerants are shown in Figure 5 as a function

of Laximuri system pressure (hence turbine or expander iniet pressure) and workinyg fluid temperu-
ture. Coruion low cost refrigerants were considered as the systen working fluid in order to
minimize overall systen (ost and 4150 to reduce developient costs. The highest temperature values

for the refrigerants indicate the naximuu levels to which these naterials should be exposed in ’
the absence of oil to avoid rapid decomposition and corrosion in the cystem. The limits are
based on extensive analytical and experimental data provided to UA by tue refrigerant suppliers.

2

Tue probable levels of reciprocating expander-conpressor and turbine-corpressor groduct efficienc es
tiiat could be acnieved with mininuri development are also indicated in Figure 5. For a residential
application requiring 3 to 5 hp expanders or turbines only R12 and R22 appear suitable for use

in a reciprocating wachine, while water, 2114, R113, R21 and R11 would be suitable for a

19k
\‘l
ERIC )
202




turbocorpressor unit. Hater, however, would not be ideal for low-cost applications, in spite |
3 3 . . . . ‘

of the nigu COP' levelu. ihe hiyh pressure ratios required in the turbocompressor when using |
\

vater result in a wulti-stage turbine and a multi-stage compressor to achieve good performance
levels and the syster. becor.es too costl, to manufacture. For small-to-moderate tonnage double-
100p systems tne corrion refriyerants (Frcons) are far superior fluids, especially R113, R11,
R21, as indicated in Figure 5.

These refrigerants provide the higiiest perfornance levels even though a Nt x/?c product
efficiency of 57 .rather than 60 was selected in the comparison swdies. Even at operatina
temperatures of 200°F a C0P of about 0.3 can be achieved with these fluids. Because of the
high spezific volure characteristics of R113 and R11, they appear to be the best chcices for
2 residential solar-powered system. However, studies at UA have shown that R1} and R114 would
be attractive caadidates for larger capacity turbocompressor air-conditioning systems (i.e.,
several hundred ons or above) for cormercial applications.

E.I. Dupont, Inc. did very substantial testing for us over a range of temperatures which
showed that oper.tion at 370-400 F would be possible for selected refrigerants if 0il anu water
were kept nut of the system. Cven at lower temperature conditions, oil should be kept out of
the syster, which furtner indicates that none of the concepts using reciprocating expanders would
be too satisfactory. If you do use o0il there is the problem of breakdown. In a double-1o0p
systen using a single working fluid you can generally avoid using 0il if a hydrodynamic bearing
using the working fluid as the lubricant vere employed.

A lot of discussion has taken place as to the performance level available with a maximum
system tewperature of 200 F, the level whicnu would be available from today's low cost flat-plate
collectors. Figure 5 shows that a COP of about 3.3 is possible with R113 and R11 at a specified
conlenser temperature of 125 F. Although this condenser temperature would be suitable for air
cooling, nuch lower terperatures are possible with water cooling. Figure 6 shows the performance
improverent with lower condenser temperature and also with improved turbocompressor product
‘efficiencies Tt x Nc). A system has been run at HSD using available components modified to
run with Freon 114 winich had a7lt x Jic product approaching 50.. Subsequant studies indicated
3 turboconpressor product efficiency of 55. could be achieved with further Jevelopment and levels
as high as 65 are feasible. Figure 6 shows that with the highest turbocompressor product
efficiency and a 110 F condenser temperature a COP of 0.6 is possible. This would be very com-
petitive with the perforriance of an absorption system and we L lieve would make the system com-
petitive on initial cost basis as well,

Improverents in collector maximum temperature capability as shown in Figure 7, would improve
tne syster. perfortiance and result in smaller collector per ton of .efriyeration requirenents.

The tspe of turbomachinery required for the double-loop system is very similar to tnat
which has already been Luilt Ly HSD for various aircraft enviromment. control systems as shuwn
in Figure 3. An artist's drawiny of the turbocompressor design that might be utilized in a
developed system is shown in Figure 5. Estimates of the turbocempressor product c¢fficiency
for this design are approximately 55.. The design incorporates a single-stage compressor
dircctly connected to a single-stage turbine. Each unit has «n iineller diareter of approximately
t'.ree iuches. A hydrodynamic journal be«ring would be used in the unit «.d based on earlier
tests, [ wmentioned we're confident that we could build a unit like this at ves crpetitive costs.
A= “-ton turbocompressor test system built by HSD and shown in Figure 10 used off-the-shelf
turbine and compressor wheels and operated for several hundred hours.
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The turbine was actually Jdesigned to run on air but was run with <114 which wac the fluid
usey fur the or el copressor, A vapor generator heated by stean provided R114 at about 275
[ to the turbine 1nlet altnough other temperature conditions were also examined.

A otor driven putip showr in Figure 19 was used to circulate the R114 in the power loop.
Figure 11 saows anotuer view of tne test unit. Although R114 was used in bnti the power and
cooling loops, separate condensers wvere utilized.

» selhing price coiparison perforued by Handilton Stendard indicated that tue turbocompressor
systen would be coipetitive with electric-driven systers, air-conditioning, and absorption equip-
vent. Figure 12 surmwrized sore of the advantages of the turbocorpressor syster; most important
of wnich is good performance with low collector temperatures. It has increased pertrrmance
putential botu Ly 4yolig TO HIGHEr Kuxlnul syStem temperatures and by improving the performance
of the turbine and tue conpressor. You can use a cowron low-cost, non-toxic refrigerant like
11, R1 3, K114, The best fluid is a function of how much power or how much air-conditioning
JOu vent out of the unit. An other advantage is tha* one working fluid can be used in doth loops
and tuat's part of the secret to yetting low cost because we have one condenser, no seals, and
the unit can be hen.etically sealed. Capital costs shoulid be competitive arnd there are a lot of
alternatives for providing heat with the system. Finally, concept feasibility has been demon-
strated at higner temperatures using the HSD test unit,
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Yession V. Rankine Cycle - Davis
SOLAR RANKINE POWERED COOLING SYSTENS
Jerry Davis

TECO

Pather tnan nahiag 1 broad fluid survey and ideal cycle calculations as previous speakers
have Jone, I'd 1ike to concentrate on a specific analysis of a two fluid system organic Rankine
cycle for solar cooling. Figure 1 shows the Rankine c¢ycle for the shaft power production
for the recipraocating expander, R112 seems to be one of the better choices. For a turbine
exnand2r perhaps another fluid such as R113 is a more abpropriate choice. Dut in any case,
using RI14, let re just trace througl the cycle on & pressure enthalpy diagram to show what
goes on, Fluid enters into the boiler, subcooling is removed, boiling occurs, then there is
a little bit of super heat inparted to the fluid. It is expanded through either a reciprocatiny
or turbine expunder. There is a small amount of super heat at a typical condensing temperature
which van be utilized to make sore relatively small improvement in the overall cycle efficiency
by Jesuperheatinj tue exhaust gas and regeneratively heating the boiler feed. The fluid is
tien condensed, purmped back to boiler pressure through the liquid side of the regenerator and
into the boiler,

Figure 2 indicates what the power cycle efficiency vwiould be as a function of both water
outlet temperature and condensing temperature. I'd 1ike to point out in this analysis that a
corponent efficiency of 72 for reciprocating expanders have been demonstrated in the laboratory
and in operational systems. A feed purp efficiency of 30 or better has also been demonstrated.
Pressure Jrops have been estimated for the system and the povier efficiency cycle is therefore
not uirectly comparable to sore of the theoretical cycle analyses that we've seen earlier. As
our best estirate of a real net shaft power output, at a typical boiler outlet temperature of
212 deqrees F and 120 degree condensing temperature we get a little over eight percent.

Figure 3 indicates an overall COP at the 212 degree boiler outlet temperature and 120 degrees
con fensiny terperature (which of course would be an air cooled condenser) using a conventional
refrijerant cycle in a completely separate loop with R22 and a compressor efficiency of 72 .

An overall COP of a little over 0.3 was obtained for this analysis.

Figure 4 indicates a somewhat better choice of refrigerant for these particular cycle
conditions, R1120, [ believe an Allied Chemical fluid, using an identical compressor efficiency
to wnat uas used for the R22 analysis at the 212 degres briler outlet tc mer:ture, 120 deqree
condensing teiperature. Something like 0.36 is realized for an overall (0P. Of course, at some
of the conditions that have been discussed of sorme of the absorption nachines uith a 270 degree
solar collector and perhaps an 50 deyree condenser temperature, COP's would be on the order of
1.3. Tms migut be nore typical of a water cooled condenser with 72 degree coolina water available. p

Figure 5 indicates the comparison of a varmety of refrigerants for the refrigeration cycle.
Figure 5 inclules R1420, an azeotropic mixture of R31 and R114, and R2” and R114 alone. And
tiie effect on COP is significant enough that one certainly has to consider what an optimum refrigerant 4
ought to be for the Kinds of conditions that we're talking about operating at.

Je have analyzed the perforrmance of single fluid systems. Ue've operated a single fluid
sjsten, reciprncating machines using R114 in both the power mode and the vefriyeration mode
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and it's apparent there i< no single working fluid available which maximizes the performance

of both the power aud the cou’ing cycle. A dual fluid system invariably results in the highest
overail COF which wun Le obtatned and i1l prcbably resalt in Tower overall cost when one con-
siders the entire system, includina the solar collector, thdan any single fluid system that one
can inagine. So, we have given a primary ermphasis to the dual fluid System.

Figure £ ndicates in a little more detail the design point for the system that we've

been lookii ' ..&, The power cycle fluid is R114, with a 212 degree outlet temperature which
does inclule about 7 degrees of super heat, and an outlet pressure of about 200 PSIA. The
expander 1n this particular anclysis was a 15 cubic inch displacement reciprocating unit oper-
ating at a speed of 1,20 RP{! and generating a net shaft power of a little in excess of three
horse pover at an overall efficiency of 72.. I might say in this regard that in considering
tiie reciprocating versus the turbine expander, there are advantages and disadvantages for both
tspes. The reciorocating rnachine would probably be a Tittle less sensitive in its overall
efficiency to variation in inlet pressure than a turbine would be. However, the turbine falloff
in efficiency vperating at off-design conditions is really not too profound, but in the reci-
» ncating expander using a variable intake valve for admitting the working fluid to the cylin-
ders, 1t 15 possible to maintain very close to the design efficiency of the unit over a pretty
broad pressure o' terperature inlet range. As I said, the overall net efficiency of the cycle
is on the order of ei1gnt percent.

Tne cooling cycle s.own previously using 1428 as the working fluid for the conditions of
a 123 condensing terperature an. : 15 degree evaporating temperature, gave an overall net COP
of 4.5 anu tue caibination for these couditions of the pover and the refrigeration cycle gave
an overall COP of 0.36.

Figure 7 shows one of the two cylinder reciprocating expanders that has been designed and
manufactured and operated at Therno Electron for units of this type. I believe they have now
seen some thousands of hours of operation. Its a relatively inexpensive low speed machine.

It does incorporate a shaft seal at the output shaft. le have operated shaft seals of this
nature. It's & double seal basically with a buffer pressurizing the space between the interior
of the syster and tne ambient so that any leakage in the system, is not leakage of workina fluid
out to the atmospuere, nor leakage of atimosphere into the system under any conditions. Typical
cost estimates for production for tuis kind of expander, and it is somewhat larger than the
expander that would be needed in a three ton system, are on the order of twn to four hundred
dollars, in the vicinity of perhaps 5110 per kilowatt. [ might point out by the way, if one
goes through a rather simple economic analysis as:. .ing the value of electric power is in the
order of 4¢ per kilouatt hour, it turns ou® that a break even point for capital investment is

on the order of three to four hundred dollars per killowatt. This is, if the system can be
purchased in this cost range, sormething in the neighborhood of $S1000 for a system that gives

a shaft output that can be utilized either for ref-‘geration or for electric power production,
and that system costs in the neignLorhood of $300 to $400 a kilowatt. That's a break even point
for 4c per kilowatt hour, pretty close to the cost in the northeast today.

Figure 8 shows a turbine expander which we have been operating at Thermo Electron. This
unit by the way was the result of o couperative program between ourselves and the Barber Nichols
Engineering Company. It's a 70,010 RPil machine, two inch plus diameter turbine wheel. It's
internally geared down from the 70,900 RP! to an output speed of 3600 RPM. At 3600 RPM no
probiens nave been experienced with respect to sealing an output shaft for a very long period
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of time with essentially zero leakage. This unit was designed for a full admission 37 horse
power output, unu operated in a partial admission mode at something like six norse power well
below its full admission capability. Nevertheless, efficiencies of approximately 60 for the
overall turbine plus tuo stage reduction gear box were obtained for this unit.

Figure 9 shows a three Kilowatt engine generator pachage in the process of being assenbled.
Several of these units have Leen put together and operated. Two of them are presently at Fort
Belvoir undergoing a variety of testing. This is a cube of about a 1ittle under turee feet
on the side, and it has got a net output of three hilowatts. The condenser unit is at tue top,
this is the reciprocating expander and a wilitary version three kilowatt alternator. $350 a
kilowatt for the equivalent of what would be required for a three ton air conditivning system
is something which vwe are not quite at in the production costs, but estimates for what systems
like this might cost are not all that far away. In todays cost structure, 4c a Lilowatt hour,
for power cost, we're within closer than a factor of two of being able to produce a machine
which does meet the criterion of $350 a kilowatt at this power level.

Figure 10 shows the hardware for the organic Rankine cycle installed in a floor sweeper.
This unit is operational and the unit has been in plants to maintain a very low levels of indoor
pollution from operation of the organic Rankine cycle. The system itself has performed quite
satisfactorily.

Figure 11 shows the six horse pover organic Rankine cycle equipment installed in the rear
of a personnel carrier. Three of these vehicles are in operation. Two with reciprocating
expanders, and one with a turbine expander operational at a Japanese vchicle manufacturers faci-
lity undergoing evaluation for potential applications for small urban commuter vehicles.

The reason why I'm shouing some of this hardware is to give you a feel for the state of the
art tecanology of organic Rankine cycle systems. It wasn't too many years ago that there was
Quite a tit of talk about organic Rankine cycle systems, but not an awful lot of then running.
At the presert, several units have been built, and opera.ed. As far as power generation with
an organic Rankine cycle, for the Linds of source temperatures and sinl. temperatures that we're
presently conteriplating, the extrapolations from the Kind of systems that have already been built
are not really too profound.

Figure 12 is a view of a soiwewhat larger unit. This is an organic reciprocating expander
for an automotive application. This is a 150 horse power unit which has been developed under
the sponsorship of the Environmental Protection Agency. At the present time, two systems are
being supported by EPA. A water system and an organic system at Thermo Electron for possible
application in an autonobile.

In conclusion, I would like to say that the application of the organic Rankine cycle to
power production from a solar enerqy source, either as shaft power to drive a conventional
refrigeration system or for electrical power production is quite near et hand. A1l that will
be reqguired 15 a couple of years of pretty hard and intensive study, experirent and evaluation
and it's a cinch that competitively priced systems could be available in the relatively near
tem.
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Power Cycle Cooling Cycle:

Working Flutd EERE] Working Fluld R-142B8
Borler Evapurator
Outle! Ten perature 2120 E lemperature 45°F
OCutlet f'ressure 20~ pata Pressure 27 5 pata
Heat Transfer Rate 98,4923 Btu hr Heat Transfer Rate 36,000 Btu ‘hr
rapander red'procating) Condenser (Coollng Cycle)
3
€ solaceent 4 in Heat Transfer Rate 44,000 Btu hr
Speed «8)0 rpm Temperature 120°F
fHorsepower fless feedpump ¥ . hp Pressure 97 pata
Bificrency Ta%

Compressor

Feedpumo ireciprocastng:
RRAL L4

Efftclency 2%
Wworsinn Fluld Mass Flow Rate 178% b hr Power 3.15 hp
PIRYY rpe Mass Flow Rate 525 1bm/hr
Overall Effictency sy
Power 13 np Cooling Cycle C.O P
Londenser ‘prwer cycles ¢.0.p. 447
Heat Transfer Rate 0,409 Btu hr Comblined Cycle:
T atur 12608
P periiure o3 oata Heat Input 98,800 Bru 'hr
! Coollng Load 36,000 Bru 'hr

Effiiienc
SR Coefficient of Performance 0,365
Rankine-cycle Systesr Effictency b 1%

F1g. 6. Design Point for System
of Interest

Fig. 7. Two-Cylinder Reciprocat-
ing Expander

Fig. 9. Three Kilowatt Generator
Package
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Session V., Rankine Cycle - Barber
SOLAR ORGANIC RANKINE CYCLE POUERED THREE TON COOLING SYSTEN
Robert £, Barber

Barber-iichels Corp.

Abstract

The developuit of a demonstration package supplying residential cooling and/or electricity
via a solar heatea Rankine Cycle is discussed. The three ton air conditioning-one kilowatt
electric system wploy, a solar collector to warm flowing water which provides input hest to
a low tenperature oru:mic {R-113) Rankine Cycle. Exoansion through a high speed (~50,000 rpm)
turbine-speed reducer drives an available R-12 refriyeration compressor and 3600 rpm motor-
generator.

The design point sojar collector vater temperature is 215°F, providing an R-113 temperature
at the turbine inlet of 200°F. With a water-cooled R-113 condenser purveying a condensing
temperature of 95°F and a turpine efficiency cesign goal of 80., Rankine Cycle efficiency (turbine
shaft power divided by heat input to the working fluid) is 11.57, An 357 efficient R-12 com-
pressor yields an overall coefficient of performance goal of 0.71.

The project is jointly funded by Honeywell, Inc, and the Mational Science Foundation.
Introduction

The utilization of energy from the sun has reached an all time high. A1l indications point
toward even greater solar usage in the future as a worldwide energy affluent attitude changes
to one of energy consciousness. Most of the current solar applications involve the heating and/or
cooling of buildings., The widespread usage of insolation for air conditioning purposes would
substantially reduce summertime peak electrical power demands while conserving the dwindling
supply of conventional fossil fuels.

Host solar cooling schemes employ absorpiion systems, some of which are described in Swart-
mann and Ha (1972) and in Uilliams et al (1958). The fact that an absorption refrigerator requires
direct heat rather than mechanical input makes this concept well suited to operate in the solar
reguie. There are limitations with current absorption machines, though, among which are perfor-
mance penalties at startup and a relatively narrow operational te.perature band (175-200°F).

Another alternative producing air conditioning from incident solar radiation usec a conven-
tional mechanical compression refrigeration loop powered by a solar-supplied, low temperature,
organic Rankine Cycle (RC) (Sargent and Teagan, 1973; and Kirpichev and Baum, 1954). Certain
characteristics of this method make it worthy of consideration as an alternative, Among these
are its reliability, relatively wide operational tenperature band and pot:ntially Tow cost.

Organic Rankine Cycles have been under development for over 15 years. During this time
taree major developmental problems have frequently arisen. These are: a) working fluia thermal P
decouposition due to local boiler over-temperature; b) system instabilities emanating from control
problens due to rapid changes in load or heat source; and ¢) mechanical problems stemming from
valving and lubrication of piston-type expanders. At the same time significant advances have "
occurred in pump, heat exchanger, turbine expander, a.d speed reducer development areas., Fortun-
ately the application of a Rankine pouwer system to the realm of solar air conditioning and power
production circuivents the three major RC development enigmas. The over-temperatur: problem area
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is byoassed since the solar heat source temperature is well below thermal decomposition limits
of coia.on orgamic work 1ng fluids (400°F). Secondly, system instability . oblems are simplified
s11Le no rapid heat source changes will occur and the load is stabiiized by the utilization of
an induction motor. Since the motor w111 be connected to the residential electrical power supply
it w11 dJraw pouer whenever a solar decline causes Rankine Cycle output io fall below air con-

_ ditioning Jewand. Conversely, wnen RC power production exceeds AC demand, the induction motor
generates electrical pover while serving to prevent turbine over-speed conditions. Finally,
tue reliability, lubrication, and valving problerns associated with piston expanders are not

-~ encountered with a turbo-expander.
Systen Description
The system descrited by this paper is one which provides three tons of air conditioning,

¢ one hilouatt of electrical power, or combinations of cooling and electricity whenever 11 gpm
of 215%F water can be supplied by a solar collector and 25 gpm of 85 % cooling water is available.
[t was designed by Barber-Hlichiols Eng. Co. in support of Honeywell's effort to provide a mobile
solar enery, research laboratory. The laboratory also possesses heating ccpability developed
by Honeywell which is not discussed herein. It is constructed on a trailer (see Figure 1) so
that it might be transnorted to various uarts of the country. In this way performance can be
studied for a variety of climatic conditions. The Honeywell solar cooling-power generation
system is conposed of ¢ Rankine Cycle (RC) subsystem and an absorption subsystem so that a direct
performance comparison can be male. lithin the RC portion is a Rankine power cycle and a com-
pression refrigeration vapor cycle (Figure 1). The power-refrigeration package measured 39
x 41 x 47 inches and weighs 1400 pounds.

In the pover cycle R-113 is pumped from a cormercially available condenser by a magnetically
coupled neretic centrifugal feed pump through a regenerator to the boiler. From the boiler
ZOOOF vapor is adrmitt2d to a radial inflou turbine which provides power through a speed reducer
to ¢ conventional R-12 piston air conditioning compressor and/or to a motor-generator. Assembled
and disassembled views of the turbine-gearbox are Shown in Figure 2, After leaving the turbine
Tow pressure vapor passes thirough the regenerator, an efficiency improvement device, and again
into ‘ne condenser.

In the air conditioning (AC) portion R-12 is supplied from a 45°F evaporator to a standard
Carrier reciprocating corpressor. Vapor at 125 psia leaves the compressor at 128°F and enters
tue condenser, where the vapor to liquid phase change occurs. Expansion of the high pressure
T1quid leaving the condenser through a thermal expansion valve provides the evaporator with a
mxture of 45°F liquid and vapor. Forced room air circulation over the evaporator supplies
tne energy necessary to complete the R-12 vaporization process while providing 36,000 BTU/hr
5f voonr air conditioning. Figure 3 shows the test stand containing all RC and AC components.

Tne refrigeration compressny nas low 0il pressure shutoff and hiygh or low suction pressure shut-
off controls which serve as safety devices to prevent evaporator freeze-up or compressor damage
i due to liquid injection.

The 1nterface betueen solar and electrical power is accomplished via centrifugal clutch.
During periods of partial or no solar energy input, electrical energy can be supplied to the
AC compressor at 220 volts, 60 cycle AC, single phase. llhen air conditioning is not desired,
up to one kilowatt of power can be generated, depending on the solar heat input.
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L/cle Selection

Several pover and refrigeration cycle fluids were considered for this selar auspiication.
Table I sutmarizes the cuparative results for six RC and five AC fluids exaiiined. The uoper
portion of Table I reveals that riost fluids provided cycle efficiencies (ﬂ c) between 9.5 and
17.5. for the turbine inlet terperature (To) and condensing temverature (Tc) assuted, However,
a large difference occurred wien cousijering the rotational speed (dt) necessary to obtain a
turbine efficiency (n t) of 37 . Shaft speeds varied frow 19,799 rpm for FC-02 (a 3M fluid)
to 53,393 rpn for R-11. These turbine speeds were predicted based on o similarity technique
described in detail by Balje (19562).

It is interesting to note that FC-52 can be operated as a direct drive turbine at 3600
vpr yielding a turbine efficiency of 7)., However, the heat exchangers and turbine are much
larger resulting in o costly, bully systen, Therefore, it uas concluded that these disadvantages
do nut justify the advantage of eliminating the speed reducer since efficient, inexpensive speed
reduction is considered to be state-of-the-art technology.

The lower portion of Table I corpares the performance of a number of air conditioning cycle
fluigs. The "ideal” corpression horsepower is shown to vary only 6. for the fluids examined.
However, a variation of 1J:1 in required displacement is revealed. QOn this basis the field
was tidited to P=12 and R-22. R-22 requires a compressor with one-third less displacement than
R-12, but the ideal horsepouer for R-22 is sligntly higher. Both R-12 and R-22 are considered
acceptable. R-12 was selected for this solar demonstration project, and an R-12 coupressor
derionstrating the required efficiency was procured.

Based on the cycle assumptions of Table ! the cooling coefficient of performance (COP,
the ratio of cooling output to compressor input power) ranges from a value of 9 with an 85°F
condenser to 4.25 with a 120°F condenser. Refr.geration cycle condensing temperatures around
125°F are appropriate for conventional, air-couled systens, whereas the use of water cooling
reduces attainable condensing temperatures to the range of 35 - 95%F with o corresponding auy-
rentation an COP to 7 - 0. Since a cooling touer is required for the absorption air conditioming
subsysters, a uater-cocled coundensing approact was selected for tie RC subsystem to obtain the
increased COP and allow a direct comparison betueen the two cooling approaches.,

The effects of condensing and nuxitwn cycle temperatures and regenerator efficiency on
Rankine Cycle perforiance are shoun in Figure 4. Over a practical range of values for this
application, cycle efficiencies range from 7 - 14 .

Regenerator effects or. system size and perfornance are revealed Ly Fiqure & for the RC
terperatures shoun. /5 the regenerator efficiency is increased, both syster COP (the ratio of
supplied cooling to DL heat input) and regeuerstor voluie Lecome greater. llhen regenerator
efficiency exceeds 70 a large increase in heat excuanger core volune brings about only slight
augiientation in syster COP, However, since for reasonable overall heat transfer coefficients
reyenerator voluiie Joes not exceed 1/2 cubic foot until regenerator efficiency climbs above 90 ,
this value was selected as the design point,

Peal. Rankine Cycle termperature is set principally Ly solar collector cavacity, in this
case to 290°F. Tor tue ASHUPAL specified ambient air temperature conditions (i.e., 90°F dry
bulb, 75°F et bulb) a conventicnal, off-the-shelf cooling touer can supply return water at
75°F, liriting Fankine Cycle coundenser terperaturce to @ value nedr 95°F.  The remainder of the
=113 ¢ design state point conditions are shoun in Figure ¢ along with taeir corresponding
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enthalpies and densities. Turbine output shaft horsepower is 2.275 HP and cycle efficiency
is 11.3.. Boiler and pover vondenser heat loads are 50,732 BTU/tr and 45,369 BTU/hr respec-
tively.
Sinilarly, design state point vaiues for the R-12 refrigeration cycle are shown in Figure
7. The resultant cooling COP is 6.971 and compressor inpput power is 2.028 4P, Evanorator and
refrijeration conaenser heat loads are 36,000 BTU/hr and 41,155 BTU/hr respectively.
A parametric study was undertaken to determine the effects on Rankine Cycle efficiency caused
by deviations from the design point valuc for certain component performances and cycle conditions.
. The results, plotted in Figure 8, reveal that for the parameters studied, those haviny the rost
significant effect on efficiency are cycle conditions and turbine performance. Reqgenerator and
pump efficiencies and system pressure losses have only secondary effects on the rianae 57 - 150
t of design values.
llotor - Alternator

For most operating conditions turbine output power Joes not match the refrigeration cycle
power demand. During those periods of time when solar-supplied Rankine Cycle output is above
or below corpressor Jemand a motor-alternator is provided. By using the alternator function
when PC output exceeds AC demand, electrical power is supplied. lhen the AC derand exceeds the
RC output, tne electric iotor makes up the deficit. Additionally, motor-alternator character-
istics provide means for automatically controlling turbine speed.

The selected approach uses a standard squirrel cage induction motor tied to the 60 cps single
phase line and physically coupled to the Rankine Cycle output shaft. The motor is energized
whenever tne air conditioning syster. is operating. The motor not only provides Lakeup compressor
power during reduced solar input out operates as a generator feeding power back into the system
when excess turbine power pushes the (otor speed above synchronous. ilhile the use of an induc-
tion motor in this fashion ®s atypical, it is estimated that generator efficiency will be com-
parable to notor efficienty which, for the type used here, is 72..

Torque input and output characieristics are mirror images about the synchironous speed with
full absorption or output occurring within 3 ~ 4. of the synchronous speed. The flat speed-torque
characteristic of he induction motor provides annther major system benefit in th2 control area.
It ensures that the turbine, motor and compressor units remain at constant speed |+ 3%) regard-
less of changing load or input power level.

Off-design Operation
Figure 9 shows the effect of off-design condensing and solar heating water temperatures

on Rankine Cycle power production. An increase in solar collector water temperature (85°F),
cause a 35. increase in power output by augmenting both R-113 flow rate and available turbine
nead. Similarly a reduction in cooling water temperature to 65°F at the design point solar
collector water temperature to (215°F) also causes a 35 RC povier increase. Figure 9 includes
the turbine efficiency penalty of off-design operation.
4 Figure 13 shows how the auount of supplied cooling and the required compressor input power
are affected by cooling water temperature. ilhen the cooling water is warmer than design tem-
perature tue corresponding refrigeration condenser pressure and temperature rise. For that reason
tne liyuid enthalpy value at the condenser outlet (and thus evaporator inlet) is higher leading
to a net decrease in air conditioning. Tha corresponding required compressor input horsepower
is of course increased due to the higher pressure ratic.
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The curves of tigure 11 show percentages of cooling load carried by the solar-powered Rankine
Cycle syster. for various uff-design collector and condensing water temperatures. The amount
of air conditioning »upplied never exceeds the design point value of 35,277 BTU/hir because of
tne induction motor characteristics discussed previously. .henever the RC conuenser water temper-
ature drops below 35°F and/or the solar collector sater exceeds 215°F instead of providing more
cooling the syster generates electricity in addition to powering the compressor.
Test Results

The air conditioning unit was tested with compressor input power supplied by the motor
in one case and the Rankine Cycle turbine inanother. ‘on with the motcr alone provided
3.173 tons of air conditioning as 2.913 HP was supplied to the compressor. These fiaures show
that the AC portion meets design goals. Rankine Cycle tests were underway at the time of this
printing.
Estimated lanufacturing Costs

An analysis was made of the manufacturing cost of the system described here, althouah this
systen design ermphasized performance, not tost. The cost of the heet exchangers and other pur-
chased conponents are the OEl! costs for 100 units. The turbine-gearbox, regenerator and pump
costs were estimated by the author. The resultant manufacturing cost was $2500 - $3000.

This figure could be expected to be reduced in the future since costs are adversely affected
for the RC vapor generator and the RC condensers because of the relatively high pressure (300
psia) design of standard refrigeration heat exchangers. Since the pressures for the RC loop
are ruch lower (60 psia maxinum) it would be possible to reduce system cost for hign production
quantities with low pressure heat exchanger designs.

Another factor weighing hecavily on overall system cost is efficiency. Great increases in
heat exchanger sizes are required to obtain small efficiency augmentations. For exar-le, if
only one RC condensing unit were used rather than the present two urits, the amount of heat
transfer area {and therefore the cost) of the RC condenser is cut by one half. However, con-
densing terperature is increased only four degrees. Therefore, the RC-AC system cost could be
reduced; however, the entire collector-storage system must be included in tne cost optimization
in order to preclude an increased total system cost while decrzasing RC costs.

Conclusions

1. ‘Yorldwide energy usage is increasing so rapidly lhat conventional fossil
fuels may be unable to keep pace with the demand. The current unprecedented
upswing in solar energy utilization is one factor contributing toward a
solution to this preblem.

2. The appiication of solar technology to the heating and cooling of buildings
can reduce peak pover electrical demands and prolong the availability of finite
fossil fuel supplies.

3. The rethod most widely used to provide solar air conditioning erploys the
absorption refrigeration technique. Recent technological advances in the
low-pewered, organic Rankine Cycle area make it, too, worthy of consideration
for solar cooling when combined with a conventional, vapor compression air
conditioning unit.
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Fluid

*

F1

*

*

R-113
R-114
R-11
R-142b
R-216
FC-82
FC-32

Tevap

uid
R-12
R-22
R-1
R-113
R-114

Fluids selected for this application

TABLE 1

Comparison of Power Cycle Fluids

Ty = 199°F

e
105
.999
A3
.87
.N94
.096
. 335

Tc = 99°F

Nt’ rpm
41,59
44,079
67,979
57,003
28,300
19,999

3,699

Comparison of Air Conditioning Fluids

= 49°F

Tc = 100°F

Ideal HP/Ton

.66
.68
.63
.53
.53
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.81
.30
.80
.81
.39
.79

= 65°F

Displacement, cfm/ton

N
YRS

@

3.9
2.9

16.9

37.8

6.7
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Session V., Rankine Cycle
Commentator: Harry Buchberg

UCLA

Harry Cuchberg, UCLA: T want to begin with a very short question for Curran. How long is your
contract?

Curran: Approximately four months.

Buchberj: Thank you. 1'd like to go to questions for Frank Biancardi, and I'm going to try to
Turp sowe of these questions together. There appear to be approximately three questions dealing
with some aspect of efficiency. So let me run through all of these and if, Frank, you can handle
the three of them all at the same time, it will save us a little time. First of all, what is the
cycle efficiency penalty paid by virtue of using one fluid? F21 seems best for the power cycle,
F111 for for the cooling cycle. Is your turbo compressor efficiency a polytropic efficiency?

It sees low compared to units in production in centrifugal air and air conditioning systems. Does
the 59 to 657 figure include both turbine and compressor compared to theoretical? !lhat is your
opinion to the statement of Curran on auxiliary energy, that is Rankine machinery efficiency must
be better than .3 to the shaft, compare uith conventional electrical sources?

Biancardi: Let me start with the Tast guestion and work backwards. Perhaps there was a tendency
in the discussion by Curran to assume too high a performance not so much for the power generation
part of it. There are transnission losses that weren't accounted for and there is a generator or
notor efficiency that has to be accounted for and if you look at 307 over 31., that says you're
about 377 efficient and that's probably not true. I would say that he's a Tittle on the high side
in terms of what a Rankine cycle would have to do. Also that 317 is at design conditions and off
design the 31 is probably going to be much tower. Mow, in terms of the turbo compressor
efficiency, I'm talking about the combined turbine and compressor efficiency. That's the product
of the turbine and compressor efficiency in terns of what are its performance penalties with
selecting one fluid. I don't believe they're very great. I haven't looked specifically at the
nuribers, but they might be on the order of 17.. The best fluid tends to be F113, F11 and F114

in the power cycle F21 is 1n there as well, but it's not clear at specific temperatures, which
one is the best fluid? Did I miss any parts of the question?

Buchberg: ilo, I think you've handled just about all of it.

Curran: I wanted to erphasize that the choice of a 31. efficiency for the electric system is purely
an example, and is not necessarily the number that should be used.

Buchberqg: Thank you. I have another question here for you Frank. It says assuming that a working
fluid teiperature of 250 degrees can be attained, could United Aircraft or Hamilton Standard fabricate
and Jeliver in 1974 a 52 to 100 ton turbo refrigeration unit, and if you can, the writer would like

to know about cost, size, potential service reliability, etc., etc.?

Biancardi: I don't think there is any doubt that we could. I don't know if you would be able
to pay the price or if he vants to start discussions, we'd certainly like to talk to him and
consider the system.
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Suchibery: [Cefore you leave, would you 1ike to cormient on 1ife expectancy between overhiauls and
operating speeds for o three ton unit with approximately 200 degree heat source?

Diancardi: Our desiyn philosophy has been to have a ten year life. lle could almost pick any

nurber you 1ike, would like to operate for 30 years, but not many things do, and we have consi-

dered the Simplest design and no maintenance at all. The unit is initially so low in cost, you might
say that you'd consider replacing it if you had any problems witii another unit. 1 don't think we
could specify any hind of weuntime between overhaul or specification 1ike that perhaps that question
was proupted by sone of the numbers that are talked about in terms of aircraft jet engines, and those
very complicated units run as long as 3,000 hours before any kind of major overhaul, although they
are inspected periodically und they are heavily instrumented. People know what's going on at all
times.

Buchbery: The next questioner would Tike actually comments from Frank by you and by Burriss in
regard to the gear box lubrication. Where the gear box is internal, how is it lubricated?

Biancardi: On the unit we're talking about there is no gear box. The turbine and the compressor
are wecuanically linked together and they run on the same speed. lle have a number of installations
specifically on the Lockheed L-1211, and the Boeing 747 ihere we do have power taheoffs. The
machinery runs at speeds like 33,000 RPIl and then there iS a gear box at 36910 RPM which allows
yeneration of several hundred kilowatts of power. So the concept of using a gear box is not
souething very foreiyn to a nuuber of people in the field, but in the unit that 1 described, there
vould be no gear box.

Burriss: The turbocompressor design in our system doesn't use a Jcar box either. It has a single
shaft with the turbine directly driving the compressor.

Ducubery: Here is another question for the same two speakers. Uhat were speeds of turbo compressor
systems? \lhere electric motors were coupled to the shaft, at what frequency did this work?

Burriss: The shaft speed for tie unit that 1 showed in the presentation was 50,000 RPH. Any
directly-driven alternator or rotor would have to be a high-frequency high speed design. For
exauple, at a 53,307 RPIl shaft-speed, a G pole alternator will provide 2507 Hz output power.

This would require some hind of solid state energy conversion device to be able to use this
.irectly on the GO cycle Tine, unless the output power is used internally in the system, to drive
tne cooling fans, for example.

Buchberg: Thenk you. Biancardi, do you want to respond at all to that?

Biancardi: Tune test umt that I showed, ran at speeds of 26,000 RPIl to an excess of 30,000 RPM
dependinyg upon the tnlet tewperuture to the vapor generator. There have been a number of units

in operation tuat aave run at much higher speeds. Specifically the turbine that we used, was designed
for 1uch highier speeds than that, Lut we just used that as a convenient wheel in the demnnstration
systeri. v

Ducnubery: There are several questions concerning the high speed nachines, in particular, one
questioner ashs unetuer there will be a noise problew. Durriss or Barber, would any of you care
to respond?

Lurriss: ilacinnes of tuis type operating in a closed Toop will run extrenely quietly. The main
nuise will Le the condenser and evaporator fans like rmost conventional air conditioning units.
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Buchbery: Uould you respond to the following? The questiun is, what type of autometic control

refriqurant expansion device is used before the evaporator?
Burriss: In this case, it will be ¢ conventional constant sunerneal type of control.

Buciiberg: Tnen how do you insure that light lovad Yiquid will not get badk to the copressor
inlet and destro, it?

Burriss:  Dxperience has nown that these coipressors aren't sensitive to investion or carryover
of small arounts of Tigquid. Originally, we did include a superhieater in the inlet of thne cou-

pressor but found it to Le uunnecessary and it nus Leen deleted on subseguent vanor cylie systens.

suchberg: Thauk you. Question for Jerry Davis. Can you see .ny wvortimhile vayoff in using fossil
fuel as a continuous topper to sciar energy?

Davis: Yes, therrodynamically if you tehe a System where a very substantial portion of tue heat
input is by solar energy and then it's topped with a fossil fuel anmd you ush the guestion of what is
the ejuivalent efficiency of tie fossil fuel that you're burning in that cycle numbers can come

out of 7 and 7Y . So the answer to the yuestion is it certainly cannot be disregarded. There

Was g previous questiun coneerning the gear box and lubrication of the gear box. I believe that

was our turbine system. e Jo nave a step down qear reduction within the wnit. It is oil
Tubricated, with an integral purp, and o very sriall awount of the lubricant continuously circulates
with tue working fluid. After some debudying, that systei has operated quite satisfactoriiy.

Buchber @ A juestion for Robert Barber. Your sclar conceut is basically electric pover generation,
therefore, why not operate the cooliny machine with purchased power at rwch lover cost?

Darber: Gh, that's a really good yuestion. 1 guess !llarold Hay suygested that there are other
approacnies. I think tiere are. Fror. the points of view of imitial cost, it is of course cheaper

to run it electrically. 1 guess that we all know that. In solar eneryy of course, we would have
fower operating cost, it's kind of an obvious question. Soriecne is trying to needle us, and I guess
ne knows the ansuer as well as I do.

Buchbery: I think jou guoted the tiyghest speed at 5C,"N PRI machine of all of the suqaestions
todas, and soieone wonders about prollerss with this particular high speed machine in the way of 1ife

and naintenance and so on.

Barber: lell, it wasn't the nighest speed. Jderry Davis showed the 73,770 RPIY unit that they use

in tneir vehicles. It's a 77,70y step down to 3,600, This particular unit is 56,970 stepping down
to 3t"Y, Lut there is o problen with 1ife. I wean, the present unit doesn't have an indefinite life,
it's designed for sore 3,007 hours of operation on oil lubricated Lall Learings but in production,
tue approaci for Tonger life is to use hydrodynaric bearinyg. These units have successfully demon-
strated ir eacess of 17,33 hours operation in air conditioning applications. This type of bearing

is used on the DCO air conditioniug s,stem where an 55,970 RPN turbo corpressor operates on sleeve
bearings with a 10,77 nour betueen overhaul record. So the technology is here.

Lucuber 52 llave you any experience with lubricant in the working fluid and fur the refrigerant cycle?

Barber:  Yes, the turbo gear Loa that we developed for the Thermoelectron unit was lubricated with
a hixture of TrL and 0i1. In the unit we described here we have a high speed shaft seal, which is a
Tinited Jeakage seal and the nerretic seal on the low speed shaft. Tuerefore, a swell amount of
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tie refriyerant oil in the gear bLox van leak into the system. Since the waximur. cycle terperature

15 less tuan &by deyrees F. oand it is qu:te comuon in a conventional air conditioning system to have
37) to 350 F compress; exit teuperatures we're operating at less than conventinnil temperatures with
tne oil freon nixture.

Buchberg: I have ome question nere wiich is that the questioner wculd 1ike to have a free-for-

all between the advocates of bsorption refrigeration, and tiie advocates of Rankine cycle

refrigeration. But really at this point in time, there doesn't seem to Le any useful puroose in

tmis. The purpose of all of the progrems that are now going on and qoing to be funded, are to

shake out these yuestions and so, I don't really see any purpose in having such a free-for-all. -
How there is another question. The guestioner may have to elaborate on what he reans. But he

says, has any study been done on tue possibility of using the screw type machines on a Rankine cycle
system. 1 just don't nappen to Le too fauiliar with the screw type nachines for that purvose, !
but I'11 call on any of the speakers who would like to respond.

Barber: VYes, the rotary screw type compressors have been considered for use as expanders in this
type of tachinery. They Jo have the advantage that they couple weli with the compressor, but the
drawback is that leakage is Jifficult to control and their expansion ratio capability is such
that nulti stages are reyuired to get the required efficiency. To my knowledge, they have not
been successful «¢lthouyh a number of people have attempted to Jevelop rotary screw expanders.

flewton: I wight point out one other tihing. 1 think Robert Barber was speaking about dry screw

type equiprent. f*~st of it in the refrigeration field is lubricant flooded, and it does let you ao
to sowe higher ratios, but I think the Liy problem is that it does complicate the system and you

must get mto a pretty big system Lefore you can afford that compiication. I might point out perhaps
tnat tue autumotive companies nave tried to use screw compressors and found they took 37 or 35 horse
power instead of 15 to drive the cowpressor.

Buchberg: ilow, I think we can take just a couple of winutes or so with questions from the

audience.

Anonyrous question: The advantage of the two fluid system was reported to be that one could get
electrical power off the sae shaft in an alternate node. Would it not be possible with a herme-~
tically sealed unit to also get electrical power output fron a rotating magnetic coudlina or some-
thing that's on tnat shaft.

Burriss: Yes. An electiical generator can be driven by the turbocorpressor Lo provide an elec~

trical power outbut.

Barbers If I gave the impression th- % the two fluid system is the only one that is capable of
auxiliary electric power genevation, I certainly didn't mean to. Either system could be capable
of auxiliary electric power generation., However, the generator speed could not be greater than
3600 PRI to produce 60 cycle power,

¢
Beckman, University of !lisconsin: I'd 1ike to propose the following problem. It seems to me that
the systems that use electric eneryy for auxiliary power are in a sense doomed to failure if we
have large scale application of the systems, For example, consider a modest amount of storage and J

tiree days of bad weather, everybody turus on their electrical, in effect, electrical air condi-
tioning system. The power system .15 to supply the total load for all buildinys in the area.
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Gut I Just Jon't tnink that electric utilities would really appreciate having to have this massive
reserve pover at all tuwes.

Harry Tabor, Jerusaler: This is not really a question, it's just an excuse to get a word in
eljevise. I didn't plan to come to this conference but I happened to be in the country and

the prujra Tooked attractive. ['ve been disturbed by the very sharp sub division in the subject
natter. Yesterday, ve were told that we were allowed to talk about cooling, but not about
heatinj. Today, in effect, we arc told that we're allowed to talk about refrigeration, but

not power generation from the sun.

Jde ougnt to get our picture absolutely clear. If we build a rmachine in which one end we
put in sunshine, and the other end you get refrigeration, that's a solar refrigeration systenm.
This niJht be said to be true of tnose systems viere thie expander and the compressor are all
in the sinjle unit, possible using a single fluid. However, if we have a diagram on the board,
which shious a separate power unit with a pair of electrical wires coming out and driving an
expander ynich would probably be electrically or mechanically driven, in my terminology this
is nut a soiar refrigeration system. It's an exercise in solar power. And what we have to
dn to get our thinking clear is simply to determine how much we can afford to pay for a kilowatt
nour Wf elentricity or nechanical power produced from the sun and how much can we afford to
pay it we «crnere it with, for example, a solar absorption machine?

I think 2 f tn.s -ub Jivision is made, the general thinking will be much clearer. Ore would
Jjet u nuch better picture of wiwt can ind cannot be done. A reference has been made to the
fact that it looks a. though we're getting near to the practicality of oryanic Rankine cycles.
Suci orgamic vapor machines are already on comercial sale. I'd 1ike here to tell a story which
soi@ of you have heard. In 1955 to 1064, ny colleagues and I were engaged in the development
of un oryanic vapor enyine designed in the horse power range to produce power from the sua for
under-Jdeveloped areas. lle completed the work. It was demonstrated in a very crude form in
tne Roie conference in 1301 and a prototype was ready in 1964. lle helped set up a production
coipany - ORMAT - (I have no s. res in the company!) and started making these turbines. They
are low teuperature turbines of very high reliability. They're sold all over the world. Not
one of ther is solar operated. The reason is very Simple, that we should have learned earlier:
the people for whoi they uere designed simple could not afford %o buy solar equipment.

I'u sorry that this conference and this enthusiasr now for solar devices in the developed
world hiadn't taken place ten sears ago, because we'd have been much better off today. The vapor
turbine is a perfectly practical umt. I wouldn't 1ike to say at what price it can be produced
in large nuiibers because of course, up to date, they have been produced in very small numbers.

I can only say, that nany of the technological problems discussed here today have, in fact, been
si1sed. The syster is sealed, there is no lubrication and the manufacturers catalogue shows
tuat in 1272, there were 3)) of these units spread all around the world. They lad accumulated
over tnree million uours of operation and the HTBF {rmean time between failures) was over 300,000
nours, i.e., it is a perfectly practical piece of machinery. Figure 1 shows a solar unit. In
fact it's too good for the applications we have in mind here., Thank you.

Lachberj: Jne uore question, and then I think we're going to turn the rmeeting back to tie general
session.
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Jonn Jebteese, Latelle lorthuest: I have sore cumvents that were pretty broadly based. I wonder,
Howi 1 any Of Low woueeots we've seen Jeseribed have enough thinking through the point of the concepts
of bewny reliable louy Ife equiment and would perhaps be invalid in terms of their eventual use.
[ taliang swectfically of tue Rankine systems in which ve vwust I think consider Tong Tife in terms
of five, ten, 15 years of operation, and not the several thousand hours that is typical for
cauiner, toe. 4s derived frof gerospece tecnnoloyy.  Simlarly with a device that we saw last
nigat, the Nitinol systei, if we consider tuat no fatigue has been shoun present for 10 to the

7 bending cycles, tnuis 1s only 3,00J nours at 61 hertz. Can any of the proponents of the

vativus Sy3ter, present infornation that would lead us to believe that their concepts are long

Tafe in teris of the se seral years tunat are necessary for commercial acceptance of these

products unen they are eventually developed?

puchvery:  Thauk you. D't aufully sorry, I know that there are additional yuestions and
answers, but I'n goiny to 1wve to turn the meeting over to our chairman Dr, Herowitz, Okay
let's get an answer to tr =,

Brancerdi: It vay appear tu.t I haven't been holding up my end of the questions, but I think
tnat tne wondent that Dr. Toler just nade in many respects answer the previous question. He's
talhing about 330,393 nours. If he even operated 8000 hours a year, that's still more than

3) years type of operation am. ! think that thet's ;lenty good. [ dor't think that anybody
nere is ready to say exactly how nanys hours and put up the kind of data you'd like to be com-
pietely sold. You buy u Tot of ¢juipment, Jo you ask your automobile dealer how many hours it's
going to last? You certainly lon't because you'd never buy an automobile if you did.

Jerry Davis: I was just yoing to say, there's absolutely no reason in the world why the kinds
of rachines tuat we're talkin, ‘Lout can not approach and exceed the kinds of reliability that
nave been found in refrigeration and air conditioning systems today.

Francis de dinter (JPL): One arce which had not been made clcar in these proceedings concerns

tiilc therrodynanics of regeneration. Ilany other fluid choice criteria, such as sonic velocity,
stabilit,, pressure, freezing poinz, vapor density, latent heat, critical temperature, cost,
toxicity, and suct are quite stra. ntforward. The benefits and drawbacks of regenerators (and
fluids which require them) houever ..ened to merit an illustration., Because of this, a short
discussion vitn sowe illustrative nu erical results was prepared by the editor after the workshop,
and inserted belcw,

In "wetting fluids," such as water or F-21, isentropic expansion through an expander brings
the vapor ¢luser to the saturation Tine. One can end up with wet vapor at the expander exit,
even if vne nes used a significant deyree of superheating, This situation is almost invariably
obtained 10 kenkine cycles usiny water. One can run into significant erosion problems with high
velocity wet stear. Une advantage of "wetting fluids" is however that the exhaust vapor is close
to the saturation terpersturc of the condenser. One does not have to dump high temperature heat,
out of which more power could have been extracted.

In "drying fluids,” such as F-114 and many other organic fluids, isentropic expansion through
an expender takes vapor further away froi. the saturation line. One can not possibly end up with
wet vapor wnich niynt erode turbine blades. The disadvantage is however that one is left with
hiyn g-ade neat at tue expander exit, in tne form of highly superheated vapor. If this is dumped
directly into the condenser, ong incurs « therrodynamic penalty. The usual way to minimize this
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penalty is to "recycle" this heat, by using the superheated vapor to preheat the pressurized
boiler feed with a reyenerator. The regenerator is of necessity relatively large; it is a gas-
to-liquid heat exchanger, and yas heat transfer coefficients are generally small.

Some sample cycle calculations were made on F-21, a "wetting fluid,” and F-114, a “"drying
fluid." F-21 and F-114 have virtually the same saturation pressure-temperature line, At 100°F,
the saturation temperature one wight have in the condenser of a typical Rankine cycle used for
air conditioning, the saturation pressure of f-21 is 40 Psia, with £-114 it is 46 Psia. At
250°F, achievable with a jood flat plate collector, the saturation pressure of F-21 is 292 Psia,
with F-114 it is 300 Psia. The "wetting" and "drying" nature of the fluids can be seen in the
relative slopes of the isentropic and saturation lines showr on the vapor side of the Pressure-
Enthalpy plots orepared by E.1. Du Pont De Nemours & Co., reproduced in Figures 2 and 3 below.

The calculations involved a 100°F condenser temperature, and for F-21 a boiler temperature
of 250°F with a boiler superheat of 20°F (to 270°F) to avoid wet vapor at the expander exit.

A nunber of comparable F-114 cycles were calculated, both with and without regenerators, to
compare cycle efficiencies. The overall efficiency of the boiler feed pump was taken to be 0.75,
the overall efficiency of the expander was taken to be 0.75, and the effectiveness of the regen-
erators (see Kays and London, 1958) was taken to be 0.75, except in case 8, in which it was taken
to be 1.00. These numbers are arbitrary but fairly reasonable.

Liquid (saturaticn) densities at 77°F (taken from Du Pont Bulletin B-2) were used to calcu-
late compression work. In the regenerator calculations, it was found that the vapor side was
the side with the minimum heat capacity (Cmin), as per Xays and Londen (1958). For £-21, a
superheat of 20°F was used at 250°F boiler temperature, for an expander inlet temperature of
270%F. This was sufficiently superheated so that with 75 efficient expansion the expander exit
vapor was dry. For the calculation of the expansion work in F-21, the isentropic lines were
extrapolated into the wet saturation region as if no change of slope or behavior occurred at
the saturation line. It should be noted that for an expander which operates totally in the dry
region, peculiarities of the wet region are irrelevant. For the rest, the calculations followed
standard thermodynamic textbook procedures. %No pressure drops or heat losses were included.

The results of the calculations are shown in Table 1. Some commnents on the results follow.

a) Without regeneration, "dry" F-114 is less efficient than "wet" T-2i.

b) Regeneration brings F-114 closer to F-21, at the cost of having to include an extra
exchanger. If the regenerator is effective 21ough the cycle efficiency of F-114
can perhaps become slightly better than F-21,

c) F-114 ray have somewhat better high-temperature fluid stability than F-21, although
at the temperatures in question this may not be important.

d) F-21 is somewhat better for Rankine cycles at these temperature levels than is F-114,
since the critical point is at a somewhat higher temperature and heat addition in the
boiler is hence at a more evenly high temperature.

e) Heat addition at a higher temperature produces penalties in solar systems, since it
forces collection temperature up and collection efficiency down. The F-21 "advantage"
discussed in d may hence not be as advantageous as one might think. Regeneration, by
pushing the average collection temperature higher, also imposes penalties in this
regard. If wnultistage expdansion is used, this collector penalty may make it inadvisable
to use “feedwater heaters” in a solar system,
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f} From the table of results it can be seen that superheating without regeneration in F-114
does not increase the efficiency significantly. With regeneration, superheating does
boost the efficiency. This is quite logical, since one is replacing low temperature heat
with high temperature heat.

g) It should be noted that in a heat pump, a fluid which is a “wetting fluid" in a Rankine
cy.le tecormes a "drying fluid" and vice versa. The thermodynamic advantages also .re
switched,* but there is no simple equivalent of a regenerator applicable to a single
stage heat punp.

* F-114 is a good heat pump fluid, and at one time wus to be used in the air conditioning
cycle of the B-70.

Table 1. Rankine Cycle Efficiencies of a "Wetting Fluid:"

F-21, and a "Drying Fluid:" r-14, Showing the
Effects of Regererator Usage.

Case  Fluid Teond. | Tooiter Thoiler Regenerator Cycle
sat sat superheat Used Eff.

1 Fe21 100°%F 256%F 270 No 13.37

2 F-114 100 250 250 No 11.06

3 F-114 100 250 270 Ho 1.07

4 F-114 100 270 270 No 11.95

5 F-114 100 250 250 Yes-75" 12.35

6 ' F-114 100 250 270 Yes-75" 12.90

7 F-114 100 270 : 270 Yes-75" 13.31

| 3 I F-114 100 270 270 Yes-100" 13.83

The efficiency of a Carnot cycle between 250°F and 100°F is 21.1. and between 270°F and
100%F it is 23.3 .
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Fig. 1. Solar Energy Powered
ORMAT Unit Operating in Israel.
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Juraary Jes.ion
HORKSHOP CLOSING REMARKS
Harold Horowitz

NSF

nen we started tuis morning, [ tole you I was going to try very hard to finish this session
at 11:33 and that qives iie five ninutes for whatever surmary ve could possibly cpe to do for
tie worksnop ieeting tuat we've had. 1 talked with Redfield Allen yesterday. [ don't knou if
ne', in tne audience at tuis tire, or ubether he's deserted us at this point, quite a few veople
- have Jeserted us. The; nad earlier airplanes. Professor Allen uas responsible for tie equive-

lent to the effort tuat JPL made for this workshop in connection with the first worksuop that
was related to the heating and cooling of buildings with solar energy neld last !larch in dash-
ington. e were couparing notes on wiere vle see ourselves today as against where we saw our-
selves then. He shared the saime kind of sense alrost disbelief that we could have moved so

far down tne line in tuot short period of time. Less than a year. At that time, we saw cooling
as our 10st Jdifficult area. ‘e still see cooling as our most Jifficult area but it's almost
meredible to me still tuat nine sionths later we are able to put togetuer a prograi with such

4 nuber of interesting and appropriate presentations with so ruci substance to them, and so
1any 1deas that offer proise for future developuent. Certainly, in contrast uith some of the
speaters .lednesday evening, I think we have a lot of enthusiasr. to go forward uith at this point,
ratier tuan sone sense of pessirism tnat was expressed Jednesday evening. The absorption people
are entiusiastic, the Jesiccant people are enthusiastic, the solid state people are enthusiastic
and the Rankine people are enthusiastic. [ wonder when we'll rieet our next soiar cooling work-
chop? Jill it be nine months? Six months? I don't know, but I'm sure that 12 months from

nov we will have a -1 set of presentations which will offer considerable progriss over where

we are today. It's a very nopeful sign. [ think it's the note on which I would like to end
tuis worksnop and thank you all for coming and spending a very long day yesterday. If you were
nere for tue ASHRAE meeting, tiis rieant an extremely long week. It is a testimeny to your
interest in this subject and it's thet kind of interest that w11l eventually solve the technical
problens that are facing us in tnis area. Thank you very ruch.
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in tha solar cooling field.
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