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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
original document.
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PREFACE

This report describes the combined work performed wunder two
FY 1982 SERI tasks: Task No. 1271, "Materials Research and Devel-
opment for Low—Cost Collectors” and Task No. 1278, "Low-Cost Col-
lectors.” The authors would like to express their thanks to the
technicians who supported this effort: Douglas Powell, who con-
structed the sheet metal collector, and James Pruett, who
assembled the 1low—cost system loop and built the pump speed
controller. Support given at various times by James Dolan,
Milton Bell, and Cécile Leboeuf is also gratefully acknowledged.
Although the final draft version of this report was completed in
April 1983, funding for the final publication was not available

until 1984.

Charles F. Kutscher
Task Leader
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SUMMARY

Objective

To develop much lower cost (by a factor of 3-4) residential space heating and
hot water systems suitable for both retrofit and new construction
applications.

Discussion

This report describes the work done in FY 1982 in the Solar Energy Research
Institute's low-cost collectors and systems effort. The effort focused on
liquid rather than air systems because of their direct applicability to
systems that supply only domestic hot water (DHW) as well as combined DHW and
space heating systems. The task was divided into two parallel efforts: one
concentrating on collectors (since they typically represent one-third of the
installed cost), the other concentrating on the remainder of the system. The
initial work involved a literature search, complilation of previous work done
at SERI, solicitation of ideas via the Commerce Business Daily, and
establishment of communication with industry. Since work on a Department of
Energy project entitled "Active Program Research Requirements” was similar,
close coordination was established with that effort. Based on several market
studies found in the literature, specific cost and performance goals were
established.

To identify which type of system offered the greatest reliability, perfor-
mance, and cost reduction potential, we studied and compared 13 system con-
figurations. Once a drainback system was chosen as the best configuration,
computer models were used to predict its performance and allow for sizing of
its subcomponents. Criteria for filling, draining, and establishing a syphon
in drainback systems were determined analytically and experimentally. Since a
drainback system requires more pumping power than other configurations, we
measured pump efficiencies for a number of solar energy system pumps. Poten-
tial solutions for the high pumping power requirements were studied, and a
simple pump controller (consisting of a Triac and time delay) to limit pump
power was built and successfully tested.

The next step was to identify low-cost materials to be used in the loop con-—
struction. We surveyed candidate piping, insulation, and storage tank
materials and compared the materials recommended on the basis of costs and
physical properties. Polybutylene piping and low-pressure steel storage tanks
were identified as major contributors to cost reduction. Overall system cost
estimates were made, the appropriate materials were ordered, and a low-cost
DHW loop was built and installed at SERI.

To provide a fresh look at what very low cost concepts were feasible for low-
cost collectors, two extensive materials surveys were performed. Approxi-
mately 90 different absorber materials and 45 different glazing materials were
compared based on cost, physical properties, and optical properties. As a
result, several low-cost collector concepts were studied and two prototype
collectors were built: a glass-reinforced concrete collector and a sheet

metal collector. The latter was ultimately integrated into the low-cost sys-
tem loop.
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Collector concepts developed outside of SERI were also examined. Two col-
lectors were evaluated in—house: a thin—film plastic collector developed by
Brookhaven National Laboratory and a rigid plastic collector manufactured by
Sealed Air Corporation. Both collectors were tested according to ASHRAE 93-77
standards at SERI's Mid-Temperature Collector Research Facility (MTCRF) and
recommendations for improvements were made.

Conclusions

Market studies have clearly shown that, in the absence of tax credits, large
cost reductions are needed in solar space heating and domestic hot water sys-—
tems to achieve significant penetration of the residential retrofit market. A
study of typical cost figures for contractor—-installed solar space heating
(DHW systems) indicates the following approximate breakdown: equipment, 56%;
labor, 17%; and overhead and profit, 27%. (Companies that market and install
their own solar products can have significantly higher overhead and profit
costs.) Of the 56 percentage points attributable to equipment, 35 of those
points (i.e., 65%Z of equipment cost) represent collector costs. Of the 17
percentage points in the labor category, 11 (i.e., 65% of labor cost) repre-
sent piping (including insulation). Thus reductions in collector material
costs and piping installation costs can have a significant impact on overall
system costs. Of the various system alternatives, the drainback configuration
appears very promising because of its high reliability and potential for cost
reduction. Sizing of pipe to provide proper filling and draining is straight-
forward, and pumping power can be minimized in syphon-return systems by using
a simple combination of a Triac and a time delay. By using polybutylene pipe
in place of copper and low-pressure steel storage containers, balance-of-
system costs can be greatly reduced.

A closed, low-pressure drainback 1loop allows use of low—cost collector
materials that would otherwise corrode or succumb to pressure. For example,
both aluminum and steel are considerably less expensive than copper but can be
used in a properly designed drainback system. Glass-reinforced concrete and
various plastics are also low—cost candidates. Although these and other col-
lector concepts require further research, the total installed cost to the con-
sumer for a combined DHW and_space heating system can probably be reduced to
approximately $150/m2 (14/ft2) without tax credits, which is equivalent, on
the average, to an energy cost of about $82/(GJ/yr) [$87/(MBtu/yr)].

vi
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PART I. APPROACH
SECTION 1.0

INTRODUCTION

This section supplies the background and framework for SERI's Low-Cost Col-
lectors/Systems task. Section l.l explains the history of this effort as well
as the objectives and scope of work. Section 1.2 explains how the project was
organized and gives a brief summary of our progress. Section l.3 describes
the relationship between the SERI effort and work being done at Brookhaven
National Laboratory (BNL).

1.1 HISTORY AND OBJECTIVES

In late 1979 a committee was formed at the Solar Energy Research Institute
(SERI) to investigate the possibilities for reducing collector costs. The
committee identified the collector as the major cost element in solar hot
water and space heating systems, so committee members proposed in—~depth
research toward reducing the cost of collectors.

Although interest in the project was high among committee members, 1little
funding was available at that time and little progress was made. In late
December 1981, funding became available and two tasks were created to develop
low—cost collectors. These were entitled "Low—-Cost Collectors” and "Materials
Research and Development for Low—Cost Collectors.” The latter task recognized
that materials research would need to make important contributions to achieve
successful low-cost collector designs. Sections 5.1, 6.0, and 7.0 discuss
materials directly.

The two tasks were later combined into one because of their complementary
nature, and the mission of the earlier 1low-cost collector committee was
expanded. Since collector cost reductions alone do not guarantee affordable
system costs (without tax credits), the project would also study reducing
costs for entire systems.

Originally, domestic hot water was identified as the most promising solar
application. Even with better insulated houses and passive solar design,
there is still a need for domestic hot water (DHW). Since it is more effi-
cient to heat water with liquid collectors than with air collectors and since
the task budget was limited, the task members decided to councentrate only on
liquid collectors in FY 1982, Shortly after task work began, the scope was
expanded to include space heating as well as DHW at the request of DOE.

It is possible to design a solar energy system for a new home that uses rela-
tively low performance collectors in conjunction with a space heating system
that can utilize low temperatures (e.g., radiant slab). It is also possible
to reduce costs by integrating collectors with the roof structure. Since
designing systems suitable for retrofit application was considered to be
important, the intent of the task at SERI has been to study stand—alone
collector systems that can operate at a reasonable efficiency (30% overall) at
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temperatures of 60°C (140°F). We have kept in mind the possibilities for roof
integration, however, and two of our concepts (glass-reinforced concrete and
galvanized sheet metal) are candidates for this type of integration.

1.2 TASK ORGANIZATION AND STRATEGY

Figure 1-1 shows a milestone and activity chart for the FY 1982 low-cost col-
lector task. This chart shows that the collector and system efforts were
addressed separately. The first step was to document work previously done by
the low-cost collector committee and elsewhere. Then parallel efforts were
aimed at identifying promising collectors from outside SERI as well as
developing new concepts in—house. In—house development began with surveys of
candidate absorber and glazing materials to identify the most promising items
for building lower—cost collectors.

Several promising collector ideas were identified and their costs were esti-
mated. Only two concepts were developed during FY 1982--a glass-reinforced
concrete absorber and a galvanized sheet metal collector. The resulting SERI
prototypes and two other collectors (the Brookhaven thin film Teflon and a
rigid plastic collector by Sealed Air) were tested at SERI's Mid-Temperature
Collector Research Facility (MTCRF).

The work on low—cost systems began with a survey of all possible solar hot
water and space heating system configurations. The most promising system in
terms of cost, reliability, and suitability for a low—cost collector was
identified——a closed-loop drainback system. We used computer models to com—
pare the performance of two variations of this system-collector-side heat
exchange and load-side heat exchange. An experimental system was assembled to
test fill and drain characteristics for this system as well as its pumping
power penalty.

We also estimated the costs of variations of the system to identify areas for
improvement. A materials survey helped to identify lower—cost materials for
piping, storage, and insulation. Finally, we constructed a model system that
includes low-cost piping and storage.

1.3 RELATIONSHIP TO OTHER PROGRAMS

Several national laboratories are working on collector development. Besides
SERI, however, only Brookhaven is developing a low-cost, flat-plate collector
for space heating and hot water applications. Brookhaven's concept emphasizes
reducing quantities of materials to reduce costs. For example, the Teflon
used for the absorber is not a particularly inexpensive material, but when
used in very thin sheets it is inexpensive on a cost per area basis.

SERI's approach, on the other hand, stresses the use of inherently low-cost
materials, such as concrete, fiberglass resin, polypropylene, and sheet metal,
with weight as a secondary issue. SERI has also not yet settled on one
concept but is exploring a number of alternatives, whereas Brookhaven is
stressing refinement of their concept. The SERI and Brookhaven programs ar
thus quite different in approach and are very complementary. :
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SECTION 2.0

PRELIMINARY STUDIES

In order to decide which low-cost collectors and low-cost system concepts
offered the most promise, we gathered information from as many sources as pos—
sible and then established specific goals for cost and performance. Sec—
tion 2.1 describes the data—gathering effort. Section 2.1.1 discusses the
earlier work done at SERI by the low-cost collector committee, including
building collectors and extensive literature searches. Section 2.1.2 gives
the responses to an announcement made in the Commerce Business Daily

requesting ideas on low—-cost collectors. The numerous contacts made with
industry are described in Section 2.1.3. Related work done at SERI in the
Active Program Research Requirements study is summarized in Section 2.1.4.

Establishment of costs and performance goals was important to provide the task
with a means of measuring progress. The background and development of a cost
goal is described in Section 2.2.1 and related to performance in
Section 2,2.2.

2.1 DATA GATHERING

We consulted a variety of information sources to help identify all possible
alternatives for 1low-cost collectors and systems. One source was earlier
results of the work done by SERI's low-cost collector committee. Another was
an announcement placed in the Commerce Business Daily soliciting ideas on new
collectors. We also contacted researchers in industry whenever possible and
documented our telephone conversations. Another source was a study entitled
"Active Program Research Requirements” (APRR), which was being done at SERI
for the Department of Energy (DOE). Since SERI has been acting as coordinator
of all collector work for DOE, task members have reviewed the progress of work
at other laboratories.

2.1.1 Previous Results

The first priority of FY 1982 efforts was to document earlier work at SERI,
Information on several collector concepts had been gathered and stored in a
general file. Pertinent information was extracted from this file, summarized,
and arranged in appropriate categories. Table 2-1 shows the contents of the
new file.

Ullman (1981) prepared an informal written summary of earlier SERI work.
Instantaneous and day-long efficiency tests had been performed on two innova-
tive collector concepts: a collector incorporating a black polyethylene
absorber manufactured by Cryovac and a collector using sand as the absorbing
mediume Results of testing these concepts are summarized here.
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Table 2-1. Useful Low—Cost Collector Information Gathered Prior to
FY 1982

Plastic Film Absorbers

Acurex (laminated polymer films)
BNL (laminated po ymer film/metal foil)
Solar Sets (BNL and fiberglass absorber)

Rigid Plastic Absorbers

Tuffak Twinwall (extruded polycarbonate)

Florida Solar Energy Center (FSEC) (black liquid in twinwall, kalwall
glazing)

Upsala College, N.J. (black liquid in twinwall)

FAFCO Inc. (extruded polypropylene, fiberglass glazing, acrylonitrite-
butadiene styrene [ABS] headers)

Solar Industries (extruded polypropylene absorber)

Ramada Energy Systems (extruded polysulfone, polycarbonate glazing)

Concrete Absorbers

Two patents of work in Britain

Foam, Foamglass, Ethylene/Propylene Diene Monomer (EPDM) Absorbers

Dynamic Flow (air collector with grooved foamglass, plastic glazing)
Tuxis Corp. (polyethylene foam absorber, polyethylene glazing)

Metal and Glass Absorber

General Motors (GM) (copper absorber in rigid polyurethane foam
enclosure)

Optimized radiation trapping at interfaces (ORTI) (flow between black
pan and glass sheet)

Center of Energy Studies, Indian Institute of Technology, New Delhi,
India (black liquid in glass tubes)

Materials

Paints, coatings, and foils for absorbers
Reflective laminates, condensation reducers, heat exchangers
Literature on Nomex and other miscellaneous materials

2.1.1.1 Cryovac Collector

The Cryovac collector uses a trickle—-flow design that has two layers of poly-
ethylene welded together to form flow channels. A layer of polycarbonate or
nylon inside each layer of polyethylene enhances sealing. The exposed layer
of polyethylene is infused with carbon black to provide ultraviolet (UV)
resistance. The absorber is contained in a galvanized box with fiberglass
insulation and Tedlar glazing.
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The instgntaneous efficiency test yielded a y-intercept of 0.50 and a slope of
-8.5 W/m® °C (=1.5 Btu/h ft* °F). The cost of collector materials was esti-
mated at $58/m2 ($5.39/ft2) of aperture area. The test identified problems
with low tear resistance of the polyethylene, difficulties connecting a mani-
fold to the absorber, incomplete wetting of the absorber surface, and high
heat losses. The test did not measure the collector's stagnation ability,
although the high heat losses could be expected to limit stagnation tem—
peratures and protect the polyethylene.

2.1.1.2 Sand Collector

The sand collector uses an absorber consisting of a serpentine copper pipe
embedded in a layer of sand that is bonded with a sodium silicate binder and
coated with Nextel flat-black paint. The absorber is contained in a
galvanized metal housing containing fiberglass insulation and covered with a
single layer of Tedlar.

The instantaneous efficiency test yielded a y-intercept of 0.50 and a slope of
-5.6 W/m2 o¢ (~0.99 Btu/h ft2 OF), which is somewhat better than the Cryovac
collector in terms of heat loss, but is still r%}atively low in optical effi-~
ciency. The materials cost approximately $47/m“ ($4.37/ft“). Problems with
this collector include cragking of the gand absorber, poor fin efficiency, and
excessive weight (415 kg/m”, 25.9 1b/ft”)

2.1.1.3 Other Investigations

Several other collector concepts were investigated but not fully tested. In-
house day-long side-by-side testing was performed on a collector incorporating
an ethylene/propylene diene monomer (EPDM) mat absorber (Solar-Roll) with a
4-mil Tedlar glazing, fiberglass insulation, and a wooden housing. No instan-
taneous testing was done. Another collector investigated, built by a Colorado
State University student, used two sheets of aluminized Mylar film with a
selective coating as the absorber. Water trickled from top to bottom between
the sheets. This collector used rigid isocyanurate insulation and an extruded
aluminum frame. Problems occurred with leakage and delamination of the
aluminum, so the collector was not tested.

Testing of collector concepts in FY 1982 departed somewhat from the earlier
philosophy, which was to screen several collectors by using side-by-side day-
long testing. Earlier SERI researchers assembled a facility capable of sim—
ultaneously testing four different collectors, each with its own tank. Those
collectors that looked most promising underwent instantaneous efficiency
testing.

The philosophy in FY 1982 was to initially screen concepts based on a study of
materials and on engineering judgment. Collector testing thus emphasizes
instantaneous testing, which can be done in a rigorous standardized manner.
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2.1.2 Commerce Business Daily (CBD) Responses

Although task members made every effort to keep abreast of new ideas in
industry (see Section 2.1.3), we decided that a public anncuncement might
attract industry input that would otherwise be missed. Accordingly, an
announcement was made in the Commerce Business Daily on 9 April 1982. The
contents of this announcement are shown in Figure 2-l.

Table 2-2 gives a summary of the 19 responses to the announcement. Fifteen of
these responses involved collector conceptse. Since only 1liquid collectors
were considered in FY 1982, we eliminated four responses from further investi-
gation. (Air collectors were not explicitly excluded from the CBD announce-
ment since they may be considered at SERI during FY 1983.) The remaining 11
responses are categorized as follows: three breadbox-type units (one of which
is freon—charged), an active freon system, a compound parabolic concentrator
(CPC) design, a "terraced trough” collector, a nonevacuated tube design, an
inverted flat plate with reflector, a polymer concrete collector, a glass-
reinforced concrete (GRC) collector, and a stainless steel sheet collector.

Based on previous SERI studies, the last two responses (items 18 and 19 in
Table 2-2) appeared to be the most promising concepts. The SRI concept of an
open trough GRC panel with black glass directly on top appears to be more
expensive than SERI's integral passage concrete panel but probably warrants
further investigation. The Spencer design of a fluid below atmospheric pres-—
sure in a collector is interesting and rather similar to a galvanized sheet
metal concept developed at SERI. The Spencer collector may not, however, be
sufficiently lower in cost than conventional flat plates.

FRIDAY, APRIL 9, 1982

U.S. GOVERNMENT
PROCUREMENTS

Services

A Experimental, Devélopmental. Test and Research Work
(includes both basic and applied research)

A -- LOW COST SOLAR COLLECTOR RESEARCH FOR DOMESTIC HOT WA-
TER/SPACE HEATING APPLICATIONS SERI 15 interested in purchasing, testing and
modifying snnovatrve collectors which shew promise for being considerably less expensive
thar cumert produch-n collectors Manufacturers/designers of such cotlectors who are
wiiling to have their product or design considered for participation in this program should
send sn (formation regarding the colicctor concept (e g drawings. specifications, test
data. etc ) on or before Apnit 30, 1982 SERY intends to buy no more than three or four
coller *ors for this program Selection well be based upon SERI's assessment of the overall
design Techmical mquines should be directed to Chuck Kutscher, Thermal Systems and
Engireering Branz> Solar Energy Research lastitute {095)

Solar Energy Ressarch institute, 1617 Cole Boulevard, Subcontracts
Branch, Golden, Colorado 80401, attn: Joseph C. Wilson, (303) 231-
1838

Figure 2-1l. Solicitation of Low—Cost Solar Collector Research for Domestic
Hot Water/Space Heating Applications in the Commerce Business
Daily




Table 2-2. Summary of Responses to CBD Announcement

Name

Description of Response

Remarks

2.

3.

S.

R. G. Vandermeil Eng., Inc.
38 Chauncy St.

Boston, MA 02111

(Drew Gillett)

(617) 423-7243

Energy Engineers, Inc.
2501 Princeton Drive, N.E.
Albuquerque, NM 87107
(Tom Feldman)

(505) 884-1610

Purdue University
Mechanical Eng. Bldg.
West Lafayette, IN 47907
(J. T. Pearson)

(317) 494-6900

Multitherm Corp.

125 S. Front St.
Colwyn, PA 19023
(Charles Kovacs, Jr.)
(800) 523-7590

Restoration Data

25 North New Street
Staunton, VA 24401
(Andrew L. McCaskey, Jr.)
(703) 885-3076

DSET Laboratories, Inc.
Box 1850

Black Canyon Stage 1
Phoenix, AZ 85029

(M. W. Rupp)

(602) 465-7356

Offer of assistance in reviewing proposals.

"Heatpipe"” freon-charged thermosyphon bread-
box hot water heater; $3,000 installed cost.

Air collector employing "louvered absorber/
convector.”

Description of two heat transfer fluids:
PG-1 (nontoxic) and 1G-2.

Offer to supply instrumentation assistance.

Offer of assistance in collector testing.

Claim 307% higher efficiency,
DHW only.

Letter only, no accompanying
literature.
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Table 2-2.

Summary of Responses to CBD Announcement (Continued)

Name

Description of Response

Remarks

8.

10.

11.

12,

Shawnee Solar Development Corp.
211-1/2 W. Main

P.0. Box 560

Carbondale, IL 62901

(Jeff Graef)

(618) 549-3972

Solaron Corp.

1885 W. Dartmouth Ave.
Englewood, CO 80110
(Dennis Jones)

(303) 762-1500

Manumark, Ince.

Browns Bridge Road
P.0. Box 997
Chatsworth, GA 30705
(Paula B. Davis)
(404) 695-6764

William C. Bauer
175 Cordova Court
Boulder, CO 80303
(303) 494-5328

Community Energy Systems, Inc.
1820-1/2 S. MacArthur Blvd.
Springfield, IL 62704

(Stu Kainste)

(217) 522--2836

Synergic Resources Corp.
One Bola-Cynwyd Plaza
Suite 630

Bola-Cynwyd, PA 19004
(William Steigelmann)
(215) 667-2160

Site-built, low-cost breadbox hot water
heater (tank is absorber).

Passive breadbox solar water heater made of
plastic for nonfreezing climates.

Alr collector systems.

Patent for air collector with fiberglass
matrix absorber.

Site—bgilt vertical air collectors for
$17/ft~.

A so-called "terraced” collector consisting
of horizontal troughs of water.

Includes construction drawings and
instructions, DHW only.

Six prototypes under construction,
DHW only.

Looks relatively conventional,
but one system is an active window-
mounted collector.

Appeals to do-it-yourself market.
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Table 2“20

Summary of Responses to CBD Announcement (Continued)

Name

Description of Response

Remarks

13.

14,

15,

16.

17.

18.

Eng. Inc.

857 Beacon Street
Boston, MA 02115
(Hans P. Huber)
(617) 536~4924

Lone Star Polymer
Concrete Co.

One Greenwich Plaza
P.0. Box 5050
Greenwich, CT 06836
(M. Gunasekaran)
(804) 461-1945

Nortec Solar Industries, Inc.
P.0. Box 288

Century Rd. Manotick

Ontario, Canada KOA 2NO
(James R. Swartman)

(613) 692-2513

Jemico, Inc.

5364 Mud River Lane
Columbia, MD 21044
(Michael A. Brown)
(301) 730-7776

New York University
Barney Building
26-36 Stuyvesant St.
New York, NY 10003
(212) 598-2471

SRI International

333 Ravenswood Ave.
Menlo Park, CA 94025
(C. F. Hilly, Jr.)
(415) 326-6200

Nonevacuated glass tube liquid collector;
proposal to supply SERI with four 3 ft x 7 ft
panels for $4,000.

Propose to manufacture polymer concrete

collector panels to specifications.

Individually thermosyphoning refrigerant charged
collectors that are cooled by water flow loop.

Inverted flat-plate liquid collectors with
reflector supplying 1.5:1 concentration.,

CPC collector design.

Open trough GRC panel with selectively coated
glass sheet on top, glass glazing, and foamed
concrete insulation.

Had contacted SERI earlier.

Shows little if any cost reduction.

Includes a cost breakdown.
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Table 2-2.

-

Summary of Responses to CBD Announcement (Concluded)

Name

Description of Response

Remarks

19. University of Iowa
College of Engineering
Division of Energy Eng.
Iowa City, IA 52242
(Donald L. Spencer)
(319) 353-5638

Absorber panel consists of two stainless steel
sheets with water flowing below atmospheric
pressure between them.

This concept is described in

New Inventions in Low—-Cost Solar
Heating by William A. Shurcliff,
Brick House Publishing Co., 1979.
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Because of budget limitations and higher priorities for the study of SERI con-
cepts, none of these collectors were purchased for testing in FY 1982. If the
budget permits, one or more of these collectors would be considered for pur-
chase in FY 1983,

2.1.3 Industry Contacts

Communication with people in the solar collector industry is an important
aspect of the low-cost collector task. Occasionally we have made face-to-face
contacts. (For example, a local representative of Ramada Energy Systems came
to SERI to brief task members on the TemTech SDHW system that uses a plastic
collector.) However, communication by telephone has been more common. To
keep all task members abreast of individual conversations and to provide docu-
mentation for future reference, task members have summarized their communica-
tion on telephone conversation record forms and distributed them to other task
members. A list of companies contacted is given in Table 2-3.

It would be impossible to summarize industry's reaction to a government low-
cost collector effort in a single statement. Most of the companies contacted
are small and are interested in cooperating with SERI. They seem to realize
that systems are too expensive and that drastic measures need to be taken.
One well established firm, however, felt that their product was already
affordable and questioned the need for SERI's research. Their domestic hoE
water iystem has an installed retail price of $4500, or about $750/m
(870/£t°).

Table 2-3. Industry Contacts in Low—Cost Collector Systems Task

National Bureau of Standards (NBS) Ramada Energy Systems
Acurex Stanford Research Institute (SRI)
Brookhaven National Laboratory (BNL) Sunwizard, Inc.
Springborn Laboratory Owens Corning
Jet Propulsion Laboratory (JPL) Aberdeen Research Lab
Colorado State University (CSU) General Electric Co.
Otto Fabrics Nortec
Sunco Solar Shell
Sealed Air Corp. Solar Oriented Environmental Services
Sun-AG, Inc. Southern Solar Energy Center
EMC, Inc. CSIRO, Australia
Solar Specialists U.S. Army
Solarray ICI, Australia
Terra-Light Westinghouse
Novan Battelle Columbus Laboratory
12
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One small firm (Sunwizard) has experimented with a number of low-cost col-
lector concepts and is currently selling a system that is simply a glazed hot
water tank which sits outside a building. A computer analysis performed at
SERI of this inexpensive system shows that it can perform very well for domes-
tic hot water heating (see Appendix A for further discussion). Its applica-
tion could be 1limited by suitable 1location, aesthetics, and very cold
climates. Also, it will not achieve as high a solar fraction as a typical
collector system, but it can have a very low energy cost.

Sealed Air Corporation cooperated with SERI and allowed in-house testing of
their collector. Acme Solar, a small firm developing thin-film plastic col-
lectors, has kept SERI informed of their progress. They solve the problem of
keeping the absorber surface wet and minimizing wind flagging of the Tedlar
glazing by pressurizing the glazing/absorber air gap with a small fan.

Numerous other firms and individuals have shared their advice and materials
experience. We obtained a good deal of information on concrete, fiberglass,
sealants, plastic piping, and black fluids through telephone contacts. One
local concrete company even loaned us a vibrator free of charge when we pre-
pared our concrete absorber. Another provided lightweight aggregate free of
charge.

2.1.4 Coordination with the Active Program Research Requirements Study

A DOE study entitled "Active Program Research Requirements” (APRR) was
initiated shortly after the present work began. The purpose of this effort
was to assess the current state of active solar heating and cooling tech-
nologies and determine the need for further research. SERI was assigned the
task of preparing the discussion on direct solar heating systems for the APRR
study.

The APRR study concluded that based on energy cost, reliability, and potential
for cost reduction, a drainback system was the most promisinge A ranking of
the APRR advanced systems is shown in Table 2~4. As a direct result of the
system ranking, a ranking of collector technologies showed that low-—cost
liquid collectors are the most promising, followed by low-cost air col-
lectors. Table 2-5 gives the ranking of collector technologies together with
identified research needs for each. Section 3.0 of this report discusses sys-—

tem comparisons made by the low-cost collector task (which agrees with the
conclusions of the APRR study).

2.2 SYSTEM COST AND PERFORMANCE GOALS

The low—cost collector task has concentrated on developing the least expensive
solar hot water and space heating system possible. Establishing reasonable
cost and performance goals provides a means to measure the task's progress.
The delivered energy cost of a solar energy system can be reduced by lowering
cost or improving performance or both. While efforts are underway both at
SERI and at other laboratories to improve collector efficiencies, a key
premise of this task is that most of the improvement must come in reduced
costs Dbecause of the large energy cost reductions needed (a factor of 4 to 5)
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Table 2-4. APRR System Ranking

Ranking Description

1 Drainback system: - Low-cost liquid collectors

Plastic pipes

— Low—cost storage tank
Enhanced coil heat exchanger for DHW
in solar storage tank

- High efficiency circulation pump,
syphon—return system

- Electronic control unit

— Heat pipe heat exchanger to inlet
air of conventional furnace

2 Drainback system: Same as (1) except for storage
— Distributed storage——water walls or
carpet pad with passive heating

3 Air system: -~ Low—-cost air collectors
— Thermosyphon or heat pipe DHW

4 Drainback system: Same as (1) except for storage size
- Seasonal storage in low-cost tank

5 Air system: - Low—cost air collectors
- Thermosyphon or heat pipe DHW
= Phase-change storage

6 District heating
system: - High efficiency collectors
— Large centralized storage
- Efficient distribution system
7 Closed-loop system: — Inverse thermosyphon or pumped

— Enhanced coil for heat exchange
from collector loop
- Otherwise similar to (1)

and because of the limited theoretical potential for performance improve-
ment. Also, to achieve sufficiently low costs, some minor degradation in per-
formance might be accepted.

2.2.1 Cost Goal

To arrive at a reasonable cost goal, we must determine the price people are
willing to pay for a solar domestic hot water and space heating systems.
"People” in this case includes the owners of residential and commercial
buildings as well as builders, HVAC engineers, and others who influence pur-
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Table 2-5.

APRR Collector Ranking

Ranking

Description

Effect on System

Research Needed

Low—cost collectors
(liquid)

Low—cost collectors
(air)

Evacuated collectors,
including flat-plate
collectors with evacuated
glazings

Phase—-change collectors

CPC collectors

Reduce materials and
installation costs

Reduce materials
and installation
costs

Improve performance

Reduce parasitics

Improve performance

Reduce collector area
needed

Thermal diode affect
reduces thermal
losses

Reduce system piping

Reduce parasitics

Improve performance

Materials (e.g., high-temperature
plastics, concrete, fiberglass,
cardboard, thin-film metals,
ceramics, black fluids, low—-cost
cover materials, insulating
materials)

Design (e.g., trickle-flow col-
lectors, temperature-limiting
devices, design to use low-cost,
low—temperature materials)

Materials as in (1)

Design (improve Fp, reduce losses,

reduce air leakage, minimize
parasitics)

Design (reduce cost, use vacuum
properties to best advantage, heat
mirrors)

Low-cost heat pipes

Thermal diode panel design

Low—cost reflectors

=S

)
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chasing. A detailed marketing study for several marketing regions is beyond ‘
the scope of this task, so national averages were used to calculate an
approximate cost goal.

0f course, there is no single cost above which there is no market and below
which there is full market penetration, since cost and market penetration are
inversely proportional. Also, the cost can be represented in different
ways. Payback period (simple or discounted) indicates the real system cost
and accounts for fuel saved. The initial cost of a system does not account
for its performance but is important to the consumer. (Indeed, a consumer may
opt for a system with a longer payback period if its initial cost is lower.)

Since the determination of a cost goal is a sociological problem and not an
engineering one, a precise solution is not possible. At best we can make some
logical assumptions based on the results of marketing surveys. Several
studies predict market acceptance of solar energy.

The most detailed market study containing relevant information was done by
Scott (1976) at the University of Delaware. The results are based on
questionnaires completed by 300 homeowners in Denver, Colo., and
Wilmington, Del. Figure 2-2 shows the probability of purchase versus cost of
a solar hot water heater for new construction and retrofit of a high value
home. The figure also shows the effect of a difference in the monthly
savings. Figure 2-3 shows the same results for owners of a moderate value
home.

A factor of 1.6 has been applied to the original cost data presented in these
figures to account for inflation from 1976 to 1981. Thus at 1981 prices, a
DHW system would have to cost less than $1600 for approximately a 30% market
penetration. Note that no obvious point in the curve can be used to define a
cost goal.

Shama (1982) has indicated that in Israel solar domestic hot water systems
have penetrated 407% of the market in 20 yr. Payback periods of these systems
range from 2.5 to 5 yr (many are simple breadbox designs). Figures 2-2 and
2-3 show that 40% penetration corresponds roughly to a price of $750 or $1200,
respectively (1981). A system that saves an average of $11.50/month
($18.40/month, 1981) has a simple payback of 5.4 yr. This is just above the
high end of the Israeli experience, but is in rough agreement. Market pene-
tration much above 50% is probably optimistic (Shama 1982). Even if a solar
heating system were free, many people would not be interested because of
aesthetics, apathy, etc. We therefore kept our projections below 50%.

A more recent study by Westinghouse agrees with Scott's results
(Kastovech 1982), Figure 2-4 shows payback time versus market acceptance for
the incremental cost of a heat pump on a new home. Note that 407 market
acceptance corresponds roughly to a 5-yr payback.

Warren (1982) at Lawrence Berkeley Laboratory used the results of a study by
OR/MS Dialogue, Inc. of Cambridge, Mass. (OR/MS Dialogue, Inc. 1980) to set
cost goals for the APRR study. OR/MS Dialogue predicted 20%, 40%, and 80%
market penetrations for systems with payback periods of 9, 5, and 2 yr,
respectively. Warren agreed that the 80% number may be unrealistic and is .
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Figure 2—-4. Consumer Acceptance of Added Heat Pump System Costs

using 20% and 407 penetration for the APRR analysis. Although it has not been
possible to verify the data reported in the OR/MS Dialogue report, they seem
consistent with Scott's results.

These consistencies are encouraging, but the selection of a specific cost goal
is still desirable. Since the effect a solar system has on the resale value
of a home 1is not well known, it is reasonable to expect that homeowners will
want a system to pay back before they sell their home. Crellin (1982) of the
National Association of Realtors stated that residences changed ownership
every 9 yr on the average in the late 1970s (latest data available). Thus a
payback shorter than 9 yr is required. The OR/MS Dialogue study concludes
that industrial respondents and HVAC engineers and architects require payback
periods between 3 and 5 yr. Since a 5-yr payback is one of the two targets
used by the APRR study and would yield a reasonably high market penetration
(40%), we used it as a target criterion for identifying a low—cost collector
system.

The relationship between a 5-yr payback and initial cost depends on the cost
of competing fuel and on system performance. First, consider natural gas,
currently the cheapest fuel. For 1979 the average (residential) price of
natural gas in the U.S. was $2.73/GJ ($2.88/MBtu); the 1983 price yas $5.68/GJ
($5.99/MBtu). According to DOE, the average family uses 0.244 m> (64.5 gal)
of hot water per day. The annual energy use for a natural gas system with a
seasonal efficiency of 70%, a required temperature of 60°C (140°F), and inlet
water temperature of 10°C (50°F) would be:

3
1, 0.244 m’ 1000 kg , 4.187 J . (¢q0 - 1g0c) x 365yia = = 26.6 6J,

0.7 day m3 kg ©OC (2—1)
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or

1 64,5 gal _ 8.3 1b _ 1 Btu
X X X
0.7 day gal 1b ©OF

x (1400 — 500F) x 202.days _ 55 3 wpey
yr (2-2)

The average annual cost of hot water in 1983 at $5.68/GJ ($5.99/MBtu) was
$151.54, A 5-yr simple payback for a 100%Z solar system would dictate a system
cost of only $757!

The discounted payback is:

C(AF; 1) +1
N = Tog A (2-3)

where

= jnitial cost

first year fuel savings
= fuel escalation rate
discount rate

= (1 +G)/(1 +R).

oo mEo
\

Allowing a 5-yr discounted payback and solving for initial cost, the equation
becomes
_ (An - 1) FA -

C = —a-1 (2-4)
Using an average annual irradiance of 350 W/m2 on a horizontal surface and
assuming that the radiation on a surface tilted at latitude angle will be 10%
greater on the average than the horizontal value (based on SERI's SOLIPH com—
puter program), the annual irradiance is:

350 W 12 h 365 days . | 14 -

2 5 2 }
2 day yr 6.08 GJ/m2 (5.36 x 105 Btu/ft2) . (2-5)

A typical DHW system requires 7 n? (75 ft2) of collector area. Assuming an
overall system efficiency of 307%, the annual solar energy delivery will be:

The first—year fuel savings F would be:

F o= 1200 G« 65.68/Ga = $103.54 . (2-7)

Using an Energy Information Agency (EIA) escalation rate (net of inflation) of
4% over the next five years, and a real discount rate of 5% (above inflation),

Ao l*tG_ 1.04
I +R 1.05

= 0.991 , (2-8)
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which yields an initial cost of

_ €0.991% - 1)(103.54)(0.991)

C 0.0095

= 8477 . (2-9)

For a 7 m? (75 ftz) array, an installed system would cost $68.20/m2
($6.34/ft2)! This goal would obviously be very difficult to attain.

If a $68.20/m2 ($6.34/ft2) cost goal is unattainable, what can be done? The
following options are available:

1. Accept lower market penetration and ease the 5-yr payback requirement

2. Address only those market areas with high insolation or high gas costs
or both

3. Conclude that natural gas is now and will continue to be too cheap for
solar energy to compete against and concentrate on other fuels (oil,
electricity).

(Note that the same situation exists for a combined DHW and space heating sys-
tem. The allowable cost per unit will be slightly less due to lower collector
efficiencies, and fixed costs will be a smaller fraction of total cost. But
the required cost would still be $68.20/m2 [$6.34/ft2]—-a difficult goal.)

In adopting option 1, the payback period the same length as the system's life
(usually considered 20 yr) could be considered. This would allow an initial
system cost of $1787 or $255/m“ ($23.71/ft“). This is probably an attainable
goal, but would not result in much penetration except for new building con-
struction in which the costs and the system could be amortized along with the
mortgage.

Selecting certain markets would help, but a detailed survey of all potential
U.S. markets was beyond the scope of this task. Thus, for purposes of this
report, natural gas will be ignored and we will now try to determine if low-
cost collectors can be competitive with 0il and electricity.

The 1983 price of oil was $8.03/GJ ($8.47/MBtu). The average escalation rate
(net of inflation) through 1989 is 3% (IEA 1984). First—year cost of fuel
savings would be:

p o 12.76 8J7x $8.03/GJ _ <46 (2-10)

To obtain the initial cost, we first compute

1.03

A= 1.05

1+6G _ _ _
" = 0.981 , (2-11)
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from which the initial cost is

_ (0.981% - 1)(146)(0.981)
- 0.981 - 1

= 5689 , (2-12)

or $689/7 m? = $98.49/m? ($9.15/ft2).

The average price of residential electricity in 1983 was $19.94/GJ
($21.04/MBtu).

First-year cost of fuel savings would be:

. 12.76 GJle$19.94/GJ = 6254 . (2-13)

The expected escalation rate over the next five years (IEA 1984) is only 0.5%.

Again we compute the initial cost as

_1+G _ 1.005 _ _
A=T7%°Tos - 097, (2-14)

therefore the initial cost is

_ (0.9573 — 1)(254)(0.957)
0.957 - 1

or $1115/7 m? = $159/m2 ($14.80/£t2)

= §1115 (2-15)

Therefore, DHW systems that have a 5-yr payback period need to be available at
the following prices to compete with existing fuels:

Natural gas $ 68/m or $ 6.30/ft§
0il $ 98/m2 or § 9.15/ft2
Electricity $159/m“ or $14.80/ft

The cost reductions necessary to compete with electricity are probably
attainable.

One might argue that the 5-yr payback period is not sufficiently conservative,
and tget a con umer might reasonably expect a payback of 2 to 3 yr. However,

m“ (75 ft ) DHW system that is cowmpetitive with electricity would cost
$1115, which is near the value of $1200 that corresponds to a 407% market pene-
tration (Scott 1976). Since the consumer may want low initial cost rather
than short payback, a 5-yr payback may be quite reasonable.

A cost goal of $150/m2 would meet the requirement for electricity, while a

goal of $100/m“ would meet the requirements for oil. If a system efficiency

of 407 could he obtained rather than the 30% value that was used, the latter

goal of $100/m“ would come very close to the requirement for natural gas. The

choice of a cost goal is arbitrary. We will use the value of $lSO/m2,
\
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corresponding to a 5-yr payback vs. electricity, but it should be kept in mind
that even lower costs are needed to achieve the same payback with o0il or gas.

Finally, we based our calculations on a starting year of 1983. 1If we were to
use, for example, 1985 as the starting year for a 5-yr payback, the cost
criteria ease somewhat, especially for natural gas. Our analysis is based as
much as possible in the present because this yields the greatest certainty in
costs. Moving the base year into the future increases the installed system
cost necessary to provide a 5-yr payback; however, it also increases the
uncertainty associated with making an accurate projection.

2.2.2 Performance Goal

For our cost analysis, we assumed an average system efficiency of 30%. 1In
estimating a typical efficiency value, the day-long performance of a collector
array subject to wind and dust must be considered rather ‘than the instan-
taneous performance of a single clean collector on a test stand. Piping
losses (including manifold losses), storage losses, heat exchanger penalties,
and load patterns will all affect the performance. Based on operating systems
in the field, 35% efficiency is probably typical for a good system in an
average climate. A high performance system might be 40%Z efficient.

High collector efficiencies can be reached using expensive copper absorber
plates, but maintaining these efficiencies is difficult with less expensive
materials. Because of stagnation temperature limitations of certain plastics,
for example, the collector loss coefficient might have to be maintained above
a certain level to 1limit the maximum temperature. Thus, while performance
improvement is certainly possible, our present effort will be to reduce costs
greatly without a large drop in efficiency.

Perhaps it is best to summarize the cost ang performance goals in terms of a
single energy cost..  Using the 7 m (75 ft“) system of the cost study, the
cost goal of $150/m2, and the annual delivered energy figure of 12.76 GJ/yr,
the cost of solar energy would be

7 m¢ x $150/m2
12,76 GJ/yr

= $82.29/(GJ/yr) [86.82/(MBtu/yr)] . \(2-—16)

The total cost of delivered solar energy over the lifetime would therefore
depend on the assumed system life.
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PART II. LOW-COST SYSTEMS
SECTION 3.0

SURVEY OF CANDIDATE SYSTEMS

To identify ways to reduce the costs of system components (excluding the col-
lector), we first defined which system configuration offered the greatest
potential for performance, reliability, and cost reduction. Section 3.1
describes 13 different domestic hot water configurations and gives advantages
and disadvantages of each. (The addition of space heating capability would
require only minor additions to these configurations.) The configuration
selected for further investigation, the drainback system, is described in more
detail in Section 3.2.

3.1 SYSTEM DESCRIPTIONS

The following is a discussion of solar domestic hot water (SDHW) systems and
rationale for choosing a two-tank indirect drainback system for the low-cost
system. SDHW systems are commonly divided into two major categories:
(1) direct systems, which circulate the domestic potable water through the
collectors, and (2) indirect systems, which heat domestic potable water
indirectly via a heat exchanger (see Figure 3-1). This discussion describes
only major types of SDHW systems.

No system is consistently superior to all others. Each has its own pecu-
liarities, and all will work if installed properly. SDHW systems should be
designed to meet the following goals:

l. High reliability, which can be achieved by use of redundant components or
by minimizing the number of moving parts.

2. Low maintenance, which can be achieved by minimizing moving parts and
using a heat transfer fluid and components that do not require periodic
replacement.

3. Minimal parasitic energy requirements (low operating cost), which means
not using automatic valves or pumps that require electricity or using
only those with minimal power requirements.

4, Simplified installation, which wusually dictates a packaged system.
Proper installation is always critical to eliminate air traps and allow
proper venting and draining. Improper installation of systems that
require draining of the collectors for freeze protection can lead to sys—
tem failure.

5., Minimal user participation, which results from eliminating controls (as
in a thermosyphon system) or using an automatic controller. This goal
leads to greater consumer acceptance and probably greater reliability.

6. Low initial cost, which means minimizing parts, expensive materials, and
installation time.
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7., High system performance, which results from good heat transfer from the
collectors to the hot water tank.

8. Durability, which results in extended system lifetimes.

Obviously, some of the goals are not complementary. High efficiency systems
require higher initial cost, and high reliability in freezing climates may
dictate the use of pumps and valves. The best combination of high perfor-
mance; long life; and low initial, maintenance, and operating cost will result
in the lowest cost of delivered energy. A good system must not only have a
low cost of delivered energy but must also displace a significant amount of
fuel.

Any of the systems can use either one or two tanks, provided that the one-tank
systems have either auxiliary electric heating elements (one-tank auxiliary
gas water heaters have recently been introduced to the market) or a backup
heating source. Conventional gas DHW tanks are generally used only in two-
tank systems because of poor stratification in the storage tank. Both systems
require proper installation. A one-tank system has less thermal storage loss
(less surface area), requires less space, and costs less in a new installa-
tion. However, the storage of hot water in a one-tank system requires the top
section of the tank to have an auxiliary heating element, and the collector
return line must discharge below that level. Inevitably, water heated by the
auxiliary system in the tank will mix with the solar heating water, thereby
raising the collector inlet temperature and reducing collector efficiency.

Two—tank systems result in slightly higher collector efficiencies since the
collector inlet temperature is not raised by the auxiliary heating system.
This configuration can utilize an existing DHW tank in a retrofit situation
and has a larger storage capacity. The use of two tanks requires more space
and results in grfater heat 1033. Conventionally insulated tanks that have an
R-value of 1.1 m* K/W (6.1 ft“ h ©F/Btu) hav3 high thermal Jlosses; however,
proper insulation to an R-value of 2.1-3.5 m® K/W (12-20 ft“ h °F/Btu) will
reduce these losses.

The auxiliary tank in a two—tank system is either gas heated or has two elec-
tric heating elements. This leads to shorter recovery times and more hot
water storage for use during cloudy periods.

A comparison of direct and indirect systems shows the characteristics and
advantages of each type. Direct systems have higher efficiencies since they
are not penalized by a heat exchanger that uses heat transfer fluids other
than water. (An exception is the indirect drainback system which uses water
as the heat transfer fluid in the collector loop.) Direct systems also have a
lower initial cost since they do not include a heat exchaunger, heat transfer
fluids, and related equipment. However, they circulate fresh potable water
through the collectors, thereby adding oxygen to the system that can lead to
corrosion and carbonates that can cause scaling in the collectors.
Carbonates, unlike many other substances, become less soluble as the water
temperature increases. They precipitate out of the solution and form a hard
scale on the metal piping. Since the collector is the hottest part of the
collector loop, it will have the greatest amount of scaling. Scaling can lead
to a serious reduction in heat transfer, increased pumping costs because of
restricted passageways, and increased corrosion. Indirect systems do not cir—
culate fresh potable water through the collectors but have fresh water
entering the loop on one side of the heat exchanger. This can be a source of
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corrosion and scaling. An indirect system should have a heat exchanger that
can be removed for inspection and maintenance. Collectors in direct systems
cannot be removed for periodic inspection and are very difficult to clean
without damaging the system or contaminating the hot water supply. The col-
lector loop in an indirect system is subject to corrosion if the pH and
reserve alkalinity of the heat transfer fluid are not maintained.

Nonmetallic collectors and piping are exceptions to these effects since they
will not corrode and carbonate deposits will not adhere to the pipe walls.
However, nonmetallic collectors and piping are subject to thermal and ultra-
violet degradation, and some are not compatible with certain heat transfer
fluids.

The system configurations presented in Figure 3-1 are discussed in the fol-
lowing sections.

3.1.1 Recirculation (or Pulse)

Figure 3-2 shows a simple system suitable for locations where freezing condi-
tions (below 35°F) are infrequent. Potable water is circulated through the
collectors. Freeze protection is provided by circulating warm water from the
storage tank through the collectors.

Advantages

e Simple
e Efficient, no heat exchanger
e Lower cost (less expensive controls, no heat exchanger)

e No automatic valves.

Disadvantages
e Limited in application (Electric energy consumption increases in colder
climates)

e No automatic freeze protection during power failures (Power failures are
not uncommon during winter storms)

e Scaling

e Overheating of the system cannot be eliminated easily. The best solution
is to use a solenoid valve that drains hot water from the storage tank.
Temperatures in excess of 180°F (82°C) will accelerate tank corrosion and
may void storage tank warranties.

3.1.2 Drainout (or Draindown)

A drainout (draindown) system (Figure 3-3) isolates the tank and uses auto-
matic valves to drain the collectors and exposed piping (1) whenever a
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freezing condition is sensed, or (2) whenever the pump stops. The first
method allows the automatic valves to remain idle for long periods of time,
which can lead to valve failure. The second method can waste water if cycled
excessively but can increase valve reliability. Solenoid valves in this app—
lication have not been very reliable. Debris has collected on the rings,
causing leakage, and overheating of the solenoid has caused valve failure.
Two 15-W solenoid valves used continually in a system will use more elec-
tricity annually than a 100-W pump operating 2500 h/yr. Several new valves
are now available that may eliminate these problems. Collectors are filled at
city or line water pressure and therefore require only a circulating pump.
The pump is not required to overcome a static head.

Advantages

e FEfficient, requires no heat exchanger
e Overheating prevented by draining collectors
e Low cost

e Designed to drain during power failure.

Disadvantages

e Corrosion potential (because of the continuous addition of oxygen from
the atmosphere and potable water)

® Some automatic valves have low reliability
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e Installation is critical for freeze protection
e Scaling potential in collectors due to carbonates in potable water supply

e Wastes water.

3.1.3 Drainback with Air Compressor

A drainback system with an air compressor (Figure 3-4) has been available in
the past but seems to have disappeared from the market. It is similar to the
drainout system except that water is drained back into the DHW tank. This is
possible because the air compressor maintains pressure in the system. When-
ever the pump stops, the water in the collectors and exposed piping drains
into the storage tank and is replaced by air. When the pump starts, the pres—
surized air flows back into the tank. Hence, the pump has a static head to
overcome (the effect of overcoming a static head is discussed in detail in
Section 3.2). The system is not fail-safe during longer power failures since
air from leaks in the joints will be absorbed by the water, allowing the water
level to reach potentially freezing heights. Without a visual means of
monitoring the water level, it is difficult for the user to know if the system
is operating properly.

Advantages

e Thermally efficient, no heat exchanger

e Good overheating protection.

Disadvantages

e Initial and operating cost of compressor

e Corrosion potential (primarily from dissolved oxygen in the water supply
and makeup air)

e No fail-safe protection during long power failures
e Installation critical for proper draining

e Pump must overcome static head initially

e Difficult to determine if operating properly

e Scaling potential.

3.1.4 Drainback with Liquid Level Control

Drainback systems with liquid level control are not widely marketed but are
feasible (Figure 3-5). A liquid-level switch, such as a mechanical float,
maintains the water level in an unpressurized tank. Sufficient space is main-
tained in the tank for water in the collectors and exposed piping whenever the
pump stops. This system 1is fail-safe during a power failure provided that
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Figure 3-4. Drainback System with Figure 3-5. Drainback System with
Air Compressor Liquid Level Control

the liquid-level switch does not allow the tank to fill during a power
failure. This system requires a pump and occasionally a surge tank in addi-
tion to the storage tank.

Advantages

e Thermally efficient, no heat exchanger
e Fail-safe freeze protection

e Unpressurized, low—cost storage tank

® Good overheating protection

e Low coste.

Disadvantages

e Two pumps

e Pump must overcome an initially static head
e Installation is critical

e Corrosion potential

e Scaling potential.
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3.1.5 Thermosyphon with Electrically Protected Collector

The thermosyphon (Figure 3-6) is the most common SDHW system in the world and
is used extensively in Australia, Japan, Republic of China, and the Middle
East. It is very simple, with no controls or moving parts, resulting in high
reliability and low cost. It is less efficient thermally than a well-designed
direct system with a pump as illustrated by its lower Nusselt Number (natural
convective heat transfer in a thermosyphon is lower than forced convactive
heat transfer in a pumped system). However, a thermosyphon may have higher
system efficiencies than pumped systems when the parasitic power of the pumps,
valves, and controls is included.

The main disadvantages of these systems in the United States are freezing
problems and structural considerations. One solution to freezing problems is
to protect the collector with an electrical heating element, useful only where
freezing conditions are infrequent. This system is common in Arizona,
California, Florida, Hawaii, and New Mexico.

Advantages

e lower initial and operating cost
e Efficient, no heat exchanger or pump

e No automatic valves, pumps, or differential controls.

Disadvantages

e Limited in application (infrequent freezing)
e Not fail-safe during power failure

e Location of storage tank

e Storage tank losses may be high

e Corrosion potential

e Scaling potential

e Overheating protection not easily accomplished.

3.1.6 Drainout Thermosyphon

The drainout thermosyphon system shown in Figure 3~7 was tested by NBS (Fanney
and Liu 1979) but has not found widespread use because of previously mentioned
disadvantages of thermosyphon systems and the questionable reliability of
solenoid valves. 1In this configuration the valves may remain in one position
for extended periods of time and fail to operate properly when needed. All
fail-safe automatic valves require a steady source of electricity and can use
more energy than a small pump. Manual draindown, based on freezing conditions
or seasons, can be used but is generally considered unreliable.
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Figure 3-6. Thermosyphon System with Figure 3-7. Drainout Thermosyphon
Electrically Protected System
Collector

Advantages

e Efficient, no heat exchanger or pump
e Lower initial and operating cost, no pumps or differential controls

e Designed to drain during power failures.

Disadvantages
e Uses automatic valves; adds parasitic energy cousumption and added pres-—
sure drops
e Location of storage tank
e Storage tank losses can be high
e Installation is critical for draining of collectors
e Corrosion potential

e Scaling potential.
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3.1.7 Breadbox (or Batch)

1| HWS
The breadbox system (Figure 3-8) Tank
combines storage and collector into
one unit. One medium—sized tank or
several small tanks are placed in a Collector
collector box. The backs and sides ‘//

of the tanks are well insulated, and
the front of the box is covered with
one to three layers of glazing. R —
Nighttime storage losses from this A A

system can be large unless insula- TSI D

tion is attached manually to the SRR o (Reflector/
front of the wunit at night and PRIy Nighttime Insulation)
during periods of low insolation.

With user participation, this system Figure 3-8. Breadbox (or batch)

can work well in warm areas. System

CWS—=>— |-

Advantages

e Inexpensive
e Easy to build by user

e No pumps, controls, or automatic valve.

Disadvantages

e May require user participation

Storage losses can be high
® Structural consideration in locating unit

e Is best suited for use in warm regions.

3.1.8 Coil in Tank, Wrap Around, Tank in Tank

Indirect systems with internal heat exchangers are commonly used, and the
coil-in—tank heat exchanger is more popular than the wrap—around or the tank-
in-tank systems (Figure 3-9). A freeze-resistant fluid (usually a glycol mix-
ture, but occasionally silicone or glycerine) is pumped through the collectors
to the tank. Heat transfer on the collector side is by forced convection, and
heat transfer on the water side is by natural convection. The collectors are
adequately protected from freezing if the collector fluid is maintained. This
is often not the case (Meeker and Boyd 1981), and inadequate freeze protection
and corrosion result. Some glycol solutions can become acidic above 93°C

(ZOOOF), a temperature that will easily be reached during summertime
vacationse.
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Figure 3-9. Coil-in-Tank, Wrap—Around, Tank-in-Tank Systems

Building codes may require a double-walled heat exchanger even for nontoxic
fluids 1like propylene glycol to prevent accidental water contamination if
ethylene glycol is later used in the system and a leak occurs. These heat
transfer fluids have a lower specific heat and higher viscosity than water
requiring slightly larger pumps and higher flow rates. Because these fluids
have lower surface tension than water, they will leak where water does not and
therefore require tighter seals and joints.

Advantages

e Good freeze protection if fluid is maintained
e One pump required for circulation only
e Minimal corrosion if use of multiple metals is minimized

e No scaling in collector loop.

Disadvantages

e Double-walled heat exchanger

e Expansion tank required

e Overheating protection not easily accomplished
e Tighter joints required

e Leaks can damage roof
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e Heat exchanger and tank often must be replaced together, even if only omne
fails

e Natural convection inside tank

e Higher initial cost: heat exchanger, fluid inventory, additional com-
ponents

e Fluid maintenance and replacement.

3.1.9 External Heat Exchanger

The external heat exchanger system (Figure 3-10) is similar to the previous
indirect systems except for the location of the heat exchanger. Two pumps are
usually used, although some designers have suggested placing the storage tank
above the heat exchanger and using natural convection to transfer heat to the
storage tank. Using two pumps may require more sophisticated controls and
will increase both initial and operating costs. This system is common and
allows easy access to the heat exchanger for maintenance or replacement.

Advantages

e Good freeze protection if fluid is maintained

o Heat exchanger accessible for maintenance or replacement
o Good heat traunsfer from collector fluid to storage

e Minimal corrosion if galvanic corrosion is minimized

e No scaling in collector loop.

Disadvantages

e Two pumps

o Higher initial and operating cost

e Overheating protection is not easily accomplished
e Double-walled heat exchanger required

e Maintenance and replacement of heat transfer fluid
e Expansion tank required

e Tighter joints required

e Leaks can damage roof.

3.1.10 Drainback with Load-Side Heat Exchanger

A drainback system with load-side heat exchanger is similar to the direct
drainback system except that the collector loop is generally unpressurized,
while the user side, separated by a single-walled heat exchanger, remains
pressurized by city water pressure (Figure 3-11). The heat exchanger can be a
coil system or a tank—in-tank system as described earlier.
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Figure 3-1l. Drainback System with Load-Side Heat Exchanger
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This drainback system uses an unpressurized solar tank with an air space at
the top. As with other drainback systems, water returns to the tank and air
fills the collectors whenever the pump stops. Generally, distilled or
deionized water is used to minimize corrosion and scaling. Inhibitors may be
used also, although a double-walled heat exchanger may then be required. Pro-
tection from freezing and overheating is accomplished by stopping the pump,
which is a fail-safe procedure. Since fluid passes only once through the heat
exchanger, it requires a much larger surface area to accomplish the same heat
transfer as in the collector-side heat exchanger (see Section 3.1.11).

Advantages

e Uses one-walled heat exchanger

e Good freeze protection, fail-safe
e Good overheating protection

e Collectors operate at low pressure
e No automatic valves

e No scaling in collector loop

e Low-cost unpressurized solar storage tank.

Disadvantages

e Installation is critical for draining
e Pump must overcome the initial static head
o Potential high operating cost

e Slow recovery time; requires large volume in heat exchanger, and/or heat
exchanger with large surface area.

3.1.11 Drainback with Collector—Side Heat Exchanger

The drainback system with a collector-side heat exchanger (Figure 3-12) is
similar to the system with a load-side heat exchanger except that the col-
lector loop fluid passes through the tubes of the heat exchanger. It can use
any of the previously mentioned heat exchanger designs (coil in tank, tank in
tank, wrap around, external).

Advantages

e Uses one-walled heat exchanger

e Good freeze protection, fail-safe
e Good overheating protection

o Collectors operate at low pressure

e No automatic valves
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¢ No scaling in collector loop ‘
o ® Good recovery time.
Disadvantages
e Installation critical for
draining
|
e Pump must overcome the initial
' Tank static head )
® Drainback tank is required
+ e Potential high operating cost.
CWS
3.1.12 Two-Phase Thermosyphon
Figure 3-12. Drainback System with Figure 3-13 depicts a relatively
Collector—Side Heat recent configuration that is cur-
Exchanger rently being manufactured by a few

companies. This system transports

energy by latent heat transfer. The
refrigerant boils in the collector, and vapor rises to the storage tank where
it condenses and returns to the tank. This system has the same structural
constraints as the direct thermosyphon systems but can provide reliable freeze
protection. The performance of these systems is not well known, but initial
studies show that they are comparable with pumped systems (Farrington et al.
1981). Some operate at high vapor pressure (1.03 MPa [150 psi]), while others
operate at lower vapor pressures but have uncertain thermal stability. All
the systems require a skilled refrigeration technician to install and charge
the system.

Advantages

e Potential high performance
e No controls, pumps, or automatic valves
® Good freeze protection

e No scaling in collector loop.

Disadvantages

® Refrigeration skills required for installation

e Performance not well known

e Structural considerations

® Storage tank losses may be high

e Overheating protection not easily accomplished. , ‘
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3.1.13 One—-Phase Thermosyphon

A one-phase thermosyphon system (Figure 3-14) would probably use a glycol
solution. Though not commercially available, some systems have been custom—
built. Mertol et al. (1981l) receariy modeled this system and concluded that
its daily performance would be aboat 90% of a similar direct thermosyphon
system.

Advantages

e No automatic valves, pumps, or controls
® Good freeze protection if maintained
e No scaling in collector loop

e Minimal corrosion.

Disadvantages

e Structural considerations

e Performance not well known

e Storage tank losses may be high

e Overheating protection not easily accomplished

e Expansion tank required.

The most common systems worldwide are the thermosyphon and batch systems, but
they are used where freezing problems are not significant. In the United
States, use of thermosyphon systems, which are generally the most cost-
effective, is restricted by freeze protection and structural considerations.
Consumers are often hesitant to place collectors on their roof and are even
less likely to place storage tanks on their roof or in their attic. Two major
technical drawbacks of thermosyphon systems are the uncertainty of freeze pro-
tection and the performance of indirect thermosyphons.

—>—Hws : L > Hws E

CWS —»— ° CWS —»—r{ ,\/\/\f -
A
my |
Expansion
Tank
Figure 3-13. Two—Phase Thermosyphon Figure 3-14. One-Phase Thermosyphon
System System
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The SDHW system most likely to be accepted throughout the United States is a ‘
pumped system. Of the direct systems, only one is applicable and commonly
used: the drainout (draindown) system. All of the configurations of pumped
indirect systems discussed here are available commercially. There appears to
be growing concern over the use of glycol solutions because of lack of proper
maintenance and the necessity of periodic replacement of the heat transfer
fluid by the user. A study of SDHW systems (Meeker and Boyd 1981) presented
the following examples of design, installation, and maintenance problems found
in these systems. The freeze protection of 43 out of 138 glycol systems (34%)
was considered inadequate; 6 out of 7 silicone-o0il charged systems leaked; all
four glycerine—charged systems were acidic; and 39% of the propylene glycol
systems using a high temperature shut—-off control had a pH of 6.5 or less. In
addition, 38 of 128 systems (30%) did not have the required pressure relief
valves on the solar loop, and over 207 of the closed loop systems did not have
air vents at the high point of the system. Heat transfer fluids in pres-—
surized 1loops <can be effective if properly used, but they can also cause
long-term problems if the system is not properly designed, installed, and
maintained.

The indirect drainback system has some unique advantages. It is one of two
systems (the other is the direct drainback with liquid-level control) that
results in low—pressure collector loop, allowing the use of potentially low-
cost collectors. Since corrosion can be controlled, collector materials con-
sidered unsuitable for use with glycols or untreated water can be considered.

The disadvantages of this system are the static head the pump must overcome
and degree of precision required in installation. Some drainback systems use
a "syphon" return once circulation is established, while others use an "open—
drop” return. The typical dynamic head in a system is about 0.6 m (2 ft) of
water with about 75% of this head from the collectors. The energy required to
overcome the dynamic head is less than 0.8 W However, small centrifugal
pumps are notoriously inefficient, operating at 5%=10% overall equipment effi-
ciency. We used the following assumptions to calculate the operating costs
for this system:

e A flow rate of 1.3 x 1074 m3/s (2 gpm)

@ A dynamic head of 0.6 m (2 ft) of water and a static head of 6.1 m
(20 ft)

e A pump efficiency of 5%
e A cost of 6¢£/kWh
e 2500 h/yr of pump operation.

It would cost about $2.25/yr to circulate the water (no static head),
$23.70/yr to operate a pump in an open-drop system, and $2.50/yr to operate a
syphon-return system. The open—-drop system is simple but consumes between one
and two months of savings. A syphon return is desirable but requires control
modifications to reduce operating costs.

Corrosion in an indirect drainback system must be considered. Drainback sys-

tems can be open to the atmosphere, thereby allowing new oxygen into the sys-
tem whenever the pump stops. Use of plastic collectors and piping may reduce ’
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any corrosion problem. More research is needed to eliminate the problem of
corrosion.

The fail-safe freeze protection, overheating protection, low maintenance,
potential use of low—cost collectors and storage tanks, and use of single-
walled heat exchangers are definite advantages of the indirect drainback
system.

3.2 DRAINBACK SYSTEMS

The drainback system has been popular with many manufacturers and wusers
recently. Although it is neither new nor very complicated, there are several
basic misunderstandings concerning its operation. A fairly thorough dis-
cussion of drainback space heating systems is given in Tully (1981).

Schematics of drainback solar hot water systems are shown in Figures 3-11 and
3-12. This system can have only one high point in the piping for reliable
draining. All pipes must be sloped properly to drain and provide freeze pro-
tection reliably.

The system begins to collect energy when the temperature at the collector out-
let sensor exceeds the storage tank temperature by a set amount, usually
7°-11°C (12°-20°F). When this temperature differential is reached, the con-
troller switches power to the pump and pumping begins. Initially, the pump
flow rate is high since the pump does not yet reflect the static head. As the
water columm in- the riser increases, the static head load on the pump
increases, resulting in a decrease in the flow rate. The minimum flow rate is
reached when the water column reaches the top of the systems At this point
the water either trickles down the downcomer (open drop flow) where the flow
rate remains at the minimum, or a syphon develops and air is purged from the
downcomer. If a syphon develops, the static head is eliminated since the
weight of water in the downcomer balances the weight of water in the riser and
the flow increases.

Two things happen with a syphon return. First, the static head on the pump is
eliminated and the pressure head of the pump drops (and flow increases), but
the power to the pump also increases. Developing a syphon return system with-
out altering the pumping arrangement actually increases the parasitic power
required by the system. Second, the fluid velocity increases. The increased
velocity can exceed the recommended 1.2 m/s (4 fps) for copper piping (Argonne
National Laboratory 198l1). Several solutions to these problems are presented
in Section 4.4.

Some misunderstanding seems to exist about the large change in flow rate that
can be obtained by developing a syphon. The actual change in the flow rate
depends on system pressure drops (valves, fittings, etc.) and on the system
head-flow curve. Very low flow rates will not develop a syphon flow (see Sec-
tion 4.2 for further discussion). Also, the pressure drop of the system is
related to the square of the velocity of the liquid. Small changes in flow
will result in larger changes in pressure, which prevent the flow rate from
changing dramatically.
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Before the pump begins operation, both the riser and downcomer 1lines are ‘
filled with air. As pumping begins, water fills the riser and pushes air
ahead of it through the riser, into the downcomer, and into the drainback
tank. A syphon develops when the water pushes all of the air out of the down-
comer and into the drainback tank. Once a syphon is established, it will
remain until the pump stops. The pump will stop operation when the collector
sensor drops to within 0.59-3°C (19-59F) of the storage tank sensor. The next
occurrence depends on the system configuration and on the downcomer and riser
pipe sizes. If the pipe size is larger than 12.7 mm (1/2 in.) then the water
column will break up spontaneously and the water will fall down the pipes.
The discussion in Section 4.2 shows that pipes above a certain diameter can
not support a standing column of water or a syphon return below a minimum flow
rate. If the pipe size is 12.7 mm or smaller, then some water will drain down
the pipe when the pump stops operation and a reverse syphon will start which
will drain the system.

When a syphon is operating, the pressure at the top of the system will be
approximately equal to the pressure of the drainback tank minus the pressure
of the water column above the height where the tank pressure is measured.
This is true if the pressure of the water at the top of the system is greater
than the critical pressure for that water temperature. If the drainback tank
is open to the atmosphere, then the pressure at the top of the system Ptop for
syphon flow is approximately

Piop = Patmosphere ~ Pheight of water column *

Notice that the pressure at the top is always at a vacuum once a syphon is
established. Since the boiling point of water is a function of pressure,
water can vaporize (boil) at the top of the system. Table 3-1 shows the
boiling point of water for different pressures.

Atmospheric pressure is 101.3 kPa (l4.7 psi, 33.9 ft of water) at sea level
and decreases to about 82.7 kPa (12 psi, 27.7 ft of water) at 1524 m (5000 ft)
elevation. The corresponding boiling point of water drops from 100°C (212°F)
to about 93°C (200°F). If a SDHW system near Denver has a static head (or
downcomer length) of 6.4 m (21 ft), the pressure at the top of the system with
a syphon returm is

Ptop

I

82.7 - 62.8 kPa (or 27.7 - 21 ft) ,

Prop

19.9 kPa (or 6.7 ft of water) .

The corresponding boiling point at this pressure is 60°C (140°F), therefore
the water at the top of the system will vaporize whenever it exceeds 60°C.
Clearly, vaporization is a concern in a system open to the atmosphere. It
increases the pressure drop of the system that results from the large volume
increase and can break the syphon, resulting in cycling or a no—flow condition
if the pump has been switched to a lower pump speed. It also decreases col-
lector efficiency that results from the lower mass flow rate through the col-
lector. There are two ways to avoid this situation: (1) to periodically
pressurize the entire collector loop, or (2) to use a vacuum breaker in the
collector loop. If a vacuum breaker is used, the pressure corresponding to
the maximum collector operating temperature is determined by the height of ‘
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. Table 3-1. Boiling Point of Water water column. The vacuum breaker is

at Various Pressures placed in the downcomer after the
collector and at a distance equal to
the water column below the high
point of the system. The wvacuum
On op breaker should be protected from
- freezing by putting it in an attic
. or heated space. Placing the vacuum
.7 3.9 48.9 120 breaker below the level of the col-
19.9 6.7 60.0 140 lector ensures that the collector
operates at a slight vacuum, allow—

Pressure Boiling Point

kPa ft of water

2.7 10.9 71.1 160 ing the use of low—cost collectors
51.8 17.3 82.2 180 that cannot tolerate much pressuri-
101.3 33.9 100.0 212 zation. This approach requires a

closed tank that can withstand a

gauge pressure equal to the height

of the water column between the

drainback tank level and the vacuum
breaker location. If the drainback tank is open to the atmosphere, then the
syphon will stop at the vacuum breaker. The collector pressure is still the
atmospheric pressure minus the height of the water column between the vacuum
breaker and system high point. However, the pump must continuously overcome a
static head equal to the height of the water column between the storage tank
and the vacuum breaker. If a drainback system is closed to the atmosphere to
reduce corrosion, the storage tank and collector must be able to withstand the
vapor pressure at high operating temperatures. For example, if a system has
reached 80°C (180°F) and stopped operating, the collector loop and storage
tank are at 51.7 kPa (7.5 psig). If the pump starts again (for example, after
a cloud has passed by) the collector must withstand the vapor pressure plus
the static head of the collector (about 27.6 kPa [4 psi]) as it fills, which
is a total pressure of 79.3 kPa (1l1.5 psig).

The tradeoff between an open and closed drainback system affects the collector
requirements., If the collector is to be used in an open system, it need not
be capable of operating mich above atmospheric pressure. But because oxygen
is introduced and 1loss of fluid by evaporation makes the use of inhibited
water difficult, the collector must have good corrosion resistance. If the
loop is closed, corrosion can be readily controlled but the collector must be
able to withstand pressures of up to 68.,9-103.4 kPa [10-15 psig]l in a typical
residential application (still considerably less than the 413.6 kPa [60 psig]
is a direct system).

A properly designed and installed indirect drainback system has several
advantages over other systems. A comparison by Argonne National Laboratories
(1981) states that the drainback system has a maximum MTBF (mean time between
failure) that is approximately 407 greater than the drainout (draindown) sys-
tem. Drainback systems also appear to be more reliable than water—glycol sys-—
tems because of the number of valves and their arrangement in the system.

A drainback system combines good freeze protection that is independent of
automatic valves, special sensors, or electric power, with a minimal heat
exchanger penalty that results from using water as the heat transfer fluid.
Scaling in the collector loop is eliminated. Overheating protection is easily
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accomplished by permitting the collectors to stagnate. (However, long periods
of stagnation should still be avoided by covering the collectors.) A drain-
back system permits the use of low—cost collectors because of reduced pressure
and corrosion problems (but collectors must still withstand stagnation
temperatures).

Further reduction in cost may be obtained by using a load-side heat
exchanger. A complete discussion of load-side versus collector-side heat
exchangers is given in Section 4.l1. The load-side heat exchanger configura-
tion permits the use of a low-cost storage tank that needs only to withstand a
gauge pressure equal to the water column in the downcomer between the vacuum
breaker and the storage tank plus the maximum vapor pressure. The dis-
advantage of this configuration 1s the larger heat exchanger surface area
required to achieve comparable performance with the collector-side heat
exchanger configuration.

One disadvantage of the drainback system is the potentially high operating
cost. This is shown in detail in Section 4.3. The cost can be high because
of the initial static head that the pump must overcome. If a syphon is estab-
lished, the power input to the pump increases due to increased flow rate.
There are several solutions to this (see Section 4.4). One manufacturer uses
the advantage of a small drainback tank used in collector-side heat exchanger
configurations and puts the drainback tank in the attic to minimize the static
head and operating costs. Both the drainback tank and the connecting pipes
must be insulated or heat traced to prevent freezing. However, this approach
does not lend itself well to a packaged system concept. Other approaches to
reduce the operating cost of packaged systems are discussed later.

A final approach to reduce the initial cost is to use polybutylene pining (see
Section 5.1). It is available in straight sections but must be supported to
prevent sagging and well protected from damaging ultraviolet radiation. The
controller must limit the operating temperature (as it should for the storage
tank of any SDHW system) and a section of copper tubing should separate the
collector from the plastic piping since the stagnation temperature of flat-
plate collectors far exceeds the maximum temperature limits of polybutylene
piping. Appendix B contains a method and results for determining the length
of copper piping required to isolate the plastic piping from the collector
stagnation temperatures. ;
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SECTION 4.0

SYSTEM ANALYSIS AND EXPERIMENTATION

After selecting a drainback system as the best configuration, our next step
was to study it in detail and learn more about its design and performance.
Section 4.1 describes computer models of two different drainback systems
(using SERI's SOLIPH computer code) to determine their performance and supply
heat exchanger sizing data. Since a drainback system must fill whenever the
pump starts and drain completely whenever the pump shuts down, criteria for
filling and draining were established both analytically and experimentally.
These are discussed in Section 4.2,

Since pumping requirements are greater in drainback systems than in other con-
figurations, it was necessary to study pumps in detail. We tested a number of
commercially available pumps to determine if their efficiencies were as low as
expected, and the results are given in Section 4.3. Section 4.4 summarizes
the pumping power problem and offers solutions.

4.1 COMPUTER ANALYSIS OF HEAT EXCHANGE ALTERNATIVES

We concluded in Section 3.0 that the indirect drainback system is a good
candidate for a low-cost SDHW systems An indirect drainback system uses one
of the following configurations.

@ Collector-side heat exchange. This incorporates a pressurized solar hot
water tank containing potable water., Treated water in the collector loop
flows through a coil, which is immersed in the storage tank. A small
reservoir tank holds the collector loop fluid after drainback.

e Load-side heat exchange. This incorporates an unpressurized solar hot
water tank, which serves as both the storage tank and drainback tank,
containing treated water. Load water flows through a coil immersed in
the tank upon demand. Freeze protection is supplied by automatic
draining of the collector loop water to the unpressurized tank. The
load~side heat exchanger offers some possibility for cost reduction since
an unpressurized tank could be made from inexpensive materials such as
sheet metal or plastic. (Because pressurized tanks are mass produced,
they are surprisingly inexpensive in sizes of 80 gal or less, but a solar
energy system can require considerably greater storage volume.)

One problem with the load-side heat exchanger is that the temperature of the
load water exiting the heat exchange coil can be well below the tank tem—
perature because it flows at high rates for short time periods yielding low
heat exchanger effectiveness. To investigate this problem, we prepared two
computer models——one for collector-side heat exchange, CSHX (Figure 4-1), and
one for load-side heat exchange, LSHX (Figure 4-2) using SERI's hour-by~hour
computer model, SOLIPH. The following specifications apply to both models:

Collector Fgn, = 0.70 where Fp is the collector heat removal
factor and n, is the optical efficiency

46




Sz &

RR-1750

7.4 m?
(80 ft?)

WWWW

A

454 L
(120 gal)

t

R-4/T
Y

6.1L/m (1.6 gpm)

—— Load (FCHART DHW)

Figure 4-1. Collector—-Side Heat Exchange

7.4 m?
(80 ft2)

—

MMAJ

R-4 | 454 L

1 (120 gal)

>

\

/

6.1 L/m (1.6 gpm)

Figure 4-2.

=L

5

— Load (FCHART DWH)

R-11

Load-Side Heat Exchange

47

002272

—«— Cold Water Storage @ 10°C (50°F)

002273

—— Cold Water Storage @ 10°C (50°F)



S=RIl@® RR~1750

Collector FpUp = 5 W/m? K (0.88 Btu/h £t? °F) where Uy is the ‘
overall heat loss coefficient

Collector area = 7.43 m? (80 ftz)
Tank volume = 0,454 m> (120 gal)
Collector flow rate = 10 x 1072 m3/s (1.6 gal/min)
Pipe insulation (R-value) = 0.70 m2 K/W (4 h f£e2 OF /Btu)
Tank insulation (R-value) = 1.94 m? K/W (11 h f£t? °F/Btu)
Cold water supply temperature = 10°C (50°F)
DHW load profile = same profile used for F-CHART
Weather = Albuquerque TMY
Immersed coils were simulated by using external heat exchangers.
The UA values (the product of heat loss coefficient and area) for the heat
exchangers were determined by modifying the closed-form solution for natural

convection heat transfer. On the outside of the tube, the heat transfer
coefficient (Lauer 1953) is:

k  (Do3p2BgAT 9;31)1/4

h = 0-72_—' <
£ D, u2 k

where

thermal conductivity

outer diameter of tube

density

volumetric coefficient of expansion
acceleration due to gravity
temperature difference

specific heat

= viscosity.

L=

o >
TO H0Q ®™™DO &
[]

If we assume that all thermal resistance 1is on the outside of the tube
(natural convection), we have the following ordinary differential equation for
the collector side heat exchanger:

. dT

1/4
-me I

= KnDo(T ~ Ty) (T - Ty) ,

with boundary conditions

Tlx=0 = Tin » '
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where m is the flow rate, T

is the temperature outside the tube, T;, is the
inlet temperature, and

o}

For a load-side heat exchanger, the equation differs only in sign:

1/4

. dT

The temperature at x = L are:

/4, Kndol =4
éﬁCp

/s, KnDOL] =4
Ame

CSHX: Ty = Ty + %Tin - '1‘0)"1

LSHX: Ty = To - BTO - Tin)—l

For the CSHX, the gg}legtor flow rate m is 10 x 10'-5 m3/s (1.6 gpm). For the
LSHX, m is 25 x 10 m>/s (4 gpm)e (Runs of a one-dimensional finite dif-
ference computer model that steps through an immersed tube suggested that
ignoring the inside tube resistance yields a tube AT which is about 15% too
high.) Using SI units gives the following approximate correlations:

CSHX: T -1/4

R

-4
L To + ‘}Tin - To) + 0.0159 x N]

and

~1/4 -4

14

LSHX: TL + 0.00669 x N]

To'- BTO - Tin)
where N 1is the coil length in meters.

Table 4-1 is a summary of results for the computer runs. Note that 30 m
(98 ft) of unenhanced coil are needed on the load side to provide the same
annual system efficiency as 2 m (6.6 ft) on the collector side. The dif-
ference in performance between the two systems with the same coil length (15 m
or 49 ft) is reflected by the difference 1in average storage taok tem
perature. The tank with load-side heat exchange is 9°C (16°F) hotter than the
tank with collector-side heat exchange, since the load-side heat exchanger
does not remove heat as efficiently as mixing load water directly in the
tanke This higher storage temperature means that warmer water is supplied to
the collectors, thereby reducing their efficiency. Also, storage tank losses
are higher with load-side heat exchange.
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Table 4-1. Collector-Side vs. Load-Side Heat Exchanger Results

Type Coil Length QColl Qe1l ﬁcgll ﬁsys Tg

m ft GJ MBtu GJ MBtu () (%) oc OF
CSHX 2.0 6.6 21 20 16 15 34.4 2545 45,9 115
CSHX 7.5 25 22 21 17 16 36.0 27.5 48.8 120
CSHX 15.0 49 23 22 17 16 36.5 28.0 49.6 121
LSHX 15.0 49 20 19 14 13 31.8 22.3 58.9 138
LSHX 30.0 98 21 20 16 15 34.4 25.6 54.4 130
LSHX 45.0 148 22 21 17 16 35.3 26.8 52.7 127
LSHX 60.0 197 22 21 17 16 35.7 27.3 51.9 125

These results indicate that a load-side heat exchanger requires considerable
surface area. Enhanced tubes would increase the efficiency. Since the CSHX
and LSHX SOLIPH models now exist, the effect of changing UA values can readily
be determined. Alternatives are to add a closed pumped piping loop between
the solar and DHW tanks or use an external heat exchanger in between the two
tanks. Both add considerably to the cost. Still another option, the use of
an immersed standby tank, is discussed in Section 5.2.

4,2 FILL AND DRAIN ANALYSIS AND TESTING

4.2.1 Draining

Two simple experiments were performed to determine the stability of a column
of liquid in vertical pipes open at the lower end. Analytical results were
then compared to these results.

The purpose of the first experiment was to determine what range of pipe sizes
would support a vertical column of water with the bottom of the pipe open and
the top closed. The hypothesis was that pipes that are the same sizes as
those used in domestic hot water systems would not be stable and the water
would run out, thus providing drainback without the need for a vacuum breaker
at the top of the system.

Pipes of various lengths (1-2.5 m) and diameters (0.32-1.9 cm nom. OD [1/8 to
3/4 in. nom. OD]) were filled with water and both ends capped. Then they were
supported vertically, the lower end cap was removed, and the flow of water, if
any, was timed.
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The following results were obtained:

Tube Diameter Tube Length (m) Time of Drain (s)
0.32 cm (1/8 in.) nom. OD ~] m did not drain
1.0 ecm ID ~lm did not drain
le4 cm ID (1/2 in.) nom. OD ~]l m 12
le4 cm ID (1/2 in.) nom. OD ~3 m 31
1.9 em (3/4 in.) nom. OD ~3 m 29

The two smallest diameter tubes did not drain by themselves. The l-cm—ID pipe
could be made to drain by striking it. All of the larger pipes (l.4 cm OD or
more) drained immediately, and the time they took to drain was approximately
proportional to the length. From this experiment, we concluded that the ID at
which the fluid/air interface becomes unstable is between 1 cm and l.4 cm.

The purpose of the second experiment was to further study the range of
stability, to attempt to observe what happens when the interface breaks down,
and to test different methods of bringing about instability and draining.
Short sections of copper tube (~10 cm in length) were connected via Tygon
tubing to a water reservoir and a syphon begun. The flow was reduced slowly
while the tube section was held steady in a vertical position by closing the
suction end of the syphon. The meniscus was observed as the flow was reduced.

Using this technique, stable menisci in pipes up to l.4 cm in diameter were
obtained. A stable meniscus could not be formed in a pipe l.6 cm in
diameter. Stable menisci were formed which were concave, flat, or convex
depending on the amount of water in the pipe. Breakdown of the meniscus
occurred when an air bubble formed on one side of the tube entrance. We tried
two methods for inducing instability: (1) cutting the end of the pipe at an
angle and (2) drilling a small hole a few centimeters from the end of the
pipe. Both methods gave good results. With an- angle cut at the end, the
water tended to cling to the longer side as flow was reduced, and bubbles
easily formed at the other side (see Figure 4-3). With the small hole, air
was entrained while the syphon was running and discharged with the water.
When the flow was reduced, the air leak eventually caused the siphon to break
and the pipe to drain.

These experiments indicated that a stable meniscus can be formed in tubes of
up to l¢4 cm in diameter but not larger than about 1.6 cm. They also showed
that the meniscus breaks when air enters along one side of the tube because
the surface tension is unable to support a hanging meniscus. This led to the
analytical model that followse.

4.2.1.1 Analysis of Stability of Liquids in Open—-Ended Pipes—One Dimension

A simple analysis can be made to determine the condition of neutral stability
for a l-dimensional interface, as shown in Figure 4-4., Let f(x) be the verti-
cal displacement of the meniscus from its initial flat position at z = O.
The condition for neutral stability is that the surface tension force
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is equal to the force of the pressure across the interface, which initially is
zeroe. This condition can be expressed as

32F
-a—'t)- = —gpf . (4-1)
%2

The boundary conditions are (u0) = 0 and £(L) = 0. The solution to this dif-
ferential equation is

f(x) = ¢ sin %E-x + b cos gg-x . (4-2)

In this case, f(0) = 0 implies that b = 0, and f(L) = O implies that (gp/o)L =
an, where a0 = 1,2,3, + o « &

Because the total volume of water is constant, n is restricted to even values,
and the lowest wvalue is n = 2, which corresponds to a full sine wave across
the end of the tube., This agrees with the observation of the shape of the
meniscus when it breaks down. When n = 2, the following expression gives the
tube diameter L:

L = 2n §5 , (4-3)
where
g = 0.074 J/m2 (surface tension)
g = 9.8 m/s? (acceleration due to gravity)
p = 1000 kg/m3 (density of water).

This gives L = 1.73 cm (0.7 in.) as the largest tube diameter that will be
stable.

4.2.1.2 Analysis of Stability of Liquids in Open-Ended Pipes—Two Dimensions
The analysis of a two—dimensional meniscus is more complicated, but a similar
result can be obtained. The case is analogous to that of the free vibrations
of a drum head, which is solved in Butkov (1968). The corresponding solution,
in cylindcical coordinates, is

£(r,8) = cos 6 J1(3.832 r/ry) , (4-4)

where J; is the Bessel function of order 1 and r_ is the radius of the tube.
Applying the same condition for neutral stability as before (2-dimensional):

V2f = —gpf (4-5)
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In cylindrical coordinates,

2 =L O .
ves r Or (ef) + rl

o
Fh

d

[«>]

and

dJ 2 d2J ;
coi 6 3.832 41 3.832 1 sin 6 . (4=6)

2¢ =
Vet r, dr T, dr2 r

The maximum of V2f defines the point of greatest stress for the meniscus and
occurs at © = 0 and wherej?Jl/dr = 0. This occurs at r; = 0.4805 ro» and
therefore J; = 0.5819 and d Jl/dr2 = -0.41023,

Writing Eq. 4-5 at the point (r;,0) gives

3.8322 d2J;

To dr? 8P
Solving for r, gives
-5 d2J
r, = 3.832 2 L L (4-8)

gp  ar2 J1°

If we substitute numerical values, r_ = 0.88 cm, so the largest diameter of
the pipe for which the meniscus should be stable is 1.77 cm (0.7 in.).

These results indicate that l.4-cm (1/2-in.) OD pipes should be stable, as we
verified in our experiment. The results also indicate that l.6-cm pipes
should be stable, but perhaps the experimental procedure was too crude to
achieve stability so near to the limit. Despite the experimental precision,
however, the theory fairly accurately predicts the diameter of pipe at the
onset of instability, and it is near l.6-1.8 cm (0.6-0.7 in.).

This analysis led to the development of system testing to understand further
the criteria for draining and filling the system to initiate a syphon flow. A
test apparatus was constructed to study the draining and filling of l.27-cm
(1/2-in.) and 1.9-cm (3/4-in.) copper pipe. A schematic of the test setup is
shown in Figure 4-5. The 1.27-cm, 5.5-m (18-ft) long copper pipe generally
drained within one minute without difficulty. However, this pipe occasionally
held a standing column of water before beginning the experiment. This did not
occur during the testing. It seems possible that 1.27-cm pipe might hold a
standing column under certain conditions. We were unable to develop a
standing column of water in a pipe of this size during the testing.

If flow is reduced in a 1.27-cm (1/2-in.) pipe (with a throttling valve, for
example) after a syphon is established, it will remain stable until reaching a
zero flow rate, resulting in a standing column of water in the downcomer.
This 1is consistent with Wallis et al. (1977), whose analysis 1leads to a
critical diameter of 1.36 cm (0.536 in.) for water dropping into air. Pipes
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with diameters greater than this cannot hold a standing column of water. The
results of the experiments with 1.9-cm (3/4-in.) pipe were also consistent
with the theory that a pipe of this size could not hold a standing column of
water.

4.2.2 Filling

A general form of the flow-rate-versus—time curve for filling a 1.27-cm
(1/2-in.) pipe is shown in Figure 4—-6. The horizontal sections of pipe needed
to accommodate structural constraints in the building in which the test loop
was assembled (labeled h;, hy, and hj) offer no increase in flow. Therefore,
the flow rate is constant as the pump fills these horizontal sections of
pipe. The experimental results shown in Figures 4-7, 4-8, 4-11, and 4-12
follow this general curve for syphon flow.

Two arrangements were tested. In the first arrangement, the downcomer tube
extended below the water level with a small hole about 2.5 ecm (1 in.) above
the water level (when the system was drained). In the second arrangement, the
downcomer tube ended 0.3 cm (1/8 in.) above the water level when the pump was
off and 5.1 em (2 in.) above the water level when the pump was on. The hole
in the pipe for the second arrangement was closed with tape. Both arrange-
ments were noisy at high flow rates because entrained air bubbles from the
hole in the first arrangement produced noise and water splashing in the second
arrangement. At moderate and low flow rates, both were very quiet.
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The first arrangement, which has a hole in the side of the pipe, has no
advantage over the second arrangement in developing a’syphon. This can be
seen by comparing the two arrangements at similar flow rates. Compare runs 4,
5, 10, 11, 12, and 13 with runs 22 and 23; run 19 with run 28; and run 20 with
run 21 (see Figures 4-7 and 4-8). The two arrangements fill and drain in
comparable time periods (Table 4-2).

At a water temperature of 16°C (60°F) and a pipe length of 1.27 cm (1/2 in.),
a syphon will develop at velocities greate% than 3.6 m/s (0.70 fps). Tor a
1.27-cm tube, this corresponds to l.6 x 107 ° m”/s (0.51 gpm). This is bhelow
typical SDHW flow rates. Hence, a syphon should develop for all SPHW systems

using 1.27-cm copper pipe with typical SDHW flow rates.

The throttling valve, as shown in Figure 4-5, was positioned near the pump
discharge for convenience. It would have been more realistic to have this
large pressure drop near the top of the system to simulate the collector pres-
sure drop. Although this will not affect the syphoning criteria, it will
affect the drain and fill time. Draining and filling could be more rapid
since there are no substantial pressure drops after the collector is drained
or before it is filled.

Note that if the pressure drop is low (rums 4, 5, 10-13, 22, 23) the velocity
can exceed the maximum recommended velocity of 1.2 m/s (4 ft/s) for copper
tubing (Argonne National Laboratory 1981) (see Table 4-2).
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Table 4-2. Drain/Fill Results for a 1.27—cm (1/2-in.) Copper Pipe

Downcomer Svph g}n 1 Flow Minimum Flow Drain Ti
Run Submerged gYP/NO; 10 /s (GPM) 1072 m°/s (GPM) ral(“s) me

(Y/N) [m/s (FPS) ] [m/s (FPS)]

4,5,10 Y Y 26.4 (4.18) 20.1 3.19 35
11,12,13 [1.75 (5.74)] [1.34 (4.39)]

19 Y N 2.65 (0.42) 2.65 0,42 57
[0.18 (0.58)] [0.18 (0.58)]

20 Y Y 4,48 (0.71) 3.28 (0.52) 40
[0.30 (0.98)] [0.,22 (0.71)]

21 N Y 4,92 (0.78) 3.22 (0.51) 80
[0.33 (1.07)] {0.21 (0.70)]

22,23 N Y 26.4 (4.18) 20.6 (3.27) 36
[1.75 (5.75)] [1.37 (4.50)]

28 N N 2.33 (0.37) 2.33 (0.37) N/A
[0.16 (0.51)] [0.16 (0.51)]

The performance curve for the pump is shown in Figure 4-9. The set—up shown
in Figure 4-10 was used to determine filling and draining criteria of two
heights of 1.9-cm (3/4-in.) copper pipe. To test the lower height, valves V2,
V4, and V6 were closed and V1 and V5 were completely open. To test the
greater height, V1 was closed and V2 opened. Valve V3 was used to throttle
the flow. The first part of the test was to start the pump at a low flow
rate, to slowly increase the flow by opening V3 until a syphon developed, and
to record the flow rate at which a syphon started. This flow rate was used
for the second part, which was to set V3 at a fixed flow rate, activate the
pump, and then monitor the flow rate as a function of time. The flow rate
versus time curves for full flow, threshold flow, and no-syphon flow are shown
in Figure 4-11 for the shorter pipe and Figure 4-12 for the longer pipe.
These curves show that the minimum flow rate to establish a syphen return is a
sllght funct%en of the system heﬁght or static head and also that a flow rate
of 7.6 x 10 /s or 4.1 x 10" m/s (1.2 gpm or 0.8 fpm) is sufficient to
develop a syphon in 1.9-cm (3/4-in.) copper pipe for static heads up to 5 m
(16 ft).

Wallis et al. (1977) also looked at the effect of the length-to-diameter ratio
to determine if the pipe inlet conditions affect the results. In that experi-
ment, length-to-diameter ratios of 8.5, 14, 24, and 50 with Z2.54-cm (l-in.)
Plexiglas tubes were tested. The results showed that the critical flow rate
needed to wash out a bubble did not depend on the distance between the bubble
and the end of the pipe. There was a slight difference between the critical
flow rates for the two heights, which may result from differences in height or
the piping arrangement and location of T! in Figure 4-10. Since the
difference is only 7% of the flow rate and the static heights for SDHW sys-
tems do not usually have a large range, this effect did not warrant further
investigation.
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Although it is possible to develop a syphon at lower velocities by partially
plugging the end of the tube, we did not perform this experiment. Using a
smaller diameter tube for the last few inches may lower the flow rate suf-
ficiently to develop a syphon in a 1.9-cm (3/4-in.) tube. A syphon will
develop in 1.27-cm (1/2-jn.) tube at 3.6 m/s (0.7 fps), which results .in a
flow rate of 3.2 x 107° m”/s (0.51 gpm) and a fluid velocity of 1.6 x 1073 m/s
(0.31 fps), half the critical flow rate required to develop a syphon in the
l1.9-cm pipe.

From our experiments we concluded that a syphon return can be developed for
SDHW systems using pipe diameters of 1.27-cm (1/2 in.) and 1.9-cm (3/4 in.).
Minimum flow rates necessary for a syphon to occur have been measured. Also,
l.9-cm pipe will drain directly downward without vents or valves. A 1.27-cm
pipe can hold a standing column of water but will drain reliably with a
sufficient differential pressure head between the downcomer and riser lines of
the collector loop. Further testing may be required to determine the
conditions, if any, under which a 1.27-cm pipe will not drain. This problem
can be avoided by using a hole in the downcomer above the water level or by
using a beveled pipe.

4.3 PUMP TESTING AND ANALYSIS

Because the pump in a drainback system must overcome elevation head, parasitic
pumping power can be significant. The calculated overall equipment effi-
ciencies of pumps used in SDHW systems are quite low, typically under 15%.
Pump efficiencies are defineq'a% hydraulic power divided gy elgctrgc power,
where hydraulic power equals V(m /s) x AP (Pa) [or p(1b/ft”’) x V(ft’/s) x AP
(ft of water)] and where electric power is measured in watts (ft 1b/s).

The pump efficiency usually found in brochures is the mechanical efficiency of
the pump and is defined as hydraulic power divided by shaft power, which
ignores the efficiency of the electric motor. The efficiency of the motor is
shaft power divided by electric power.

It can be seen that the efficiency of primary interest is the overall equip-
ment efficiency, which is the pump (excluding the motor) efficiency multiplied
by the motor efficiency.

The cost to operate a pump is:

operating cost($) = [(Power)(t)(CE)(CF)]/n ,‘

where
_ . . 3 3
p = fluid density (kg/m~ [1b/ft~])
V = volumetric flow rate (m3/s [ft3/min])
AP = pressure drop; dynamic, static, or total head, (kPa [ft of water])

t = time interval (h/yr)
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CE = cost of electricity ($/Wh)

CF = conversion factor [l for SI units; 2.26 x 1072 W/(ft-1b/min) for
British units])

n = overall equipment efficiency of pump.

A system curve was developed (Figure 4-13) for a typical solar systen
(Table 4—2).3 SDHW systems typically operate at flow rates Qg approximately
1.3 x 107" m”/s (2 gpm) (2 collectors in parallel, 6.3 x 10 m>/s [2 ggm]
each). The pressure drop for this hypothetical system at 1.3 x 107" m”/s
(2 gpm) is 27.2 kPa (9.1 ft of water) if 1.27-cm (1/2-in.) pipe is used and
6.0 kPa (2.0 ft of water) if 1.9-cm (3/4-in.) pipe is used.

The hydraulic power required for a 1.27-cm (1/2-in.) pipe is 1.26 x 1074 m3/s
x 27,000 Pa (or 2 gal/min x 8.3 1b/gal x 9.1 ft of water), which is equal to
3.4 W (151 ft-1b/min).

The hydraulic power required for a 1l.9-cm (3/4—in.) pipe is 1.26 x 1074 m3/s x
5700 Pa (or 2 gal/min % 8.3 1lb/gal x 1.9 ft of water), which is equal to 0.7 W
(16.6 ft-1b/min).

The l.27-cm (1/2-in.) pipe size is more common for SDHW systems but requires
five times the hydraulic power. However, the hydraulic power required to
overcome the friction drop is nearly negligible. We can compute the cost to
operate pumps that have an overall equipment efficiency of 10% (i.e., 34-W and

001832

Flow (gpm)
0 2 4 6 8 10
180 T T T T 60
12.7 mm (0.50 in)
Pipe
150 P -50
. 120 40 -
& e
L]
= 2
5 90F 30 5
& et
% 6o} 20 7
19 mm (0.75 in)
30 Pipe =110
0 1 | 1 | 1 0

0O 10 20 30 40 50 60
Flow (107°* m¥/s)

Figure 4-13. Drainback System H-Q Curves
(No Static Head)
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Table 4-3. Pressure Drop for a Drainback System .

Diameter of Pipe

Component
1.27 em (1/2 in.) 1.9 em (3/4 in.)

Equivalent Pipe Length, [m (ft)]

Pipe 15.2 (50) 15.2 (50)

1 globe valve 5.2 (17) 6.7 (22)

1 gate valve 0.2 (0.5) 0.2 (0.5)

1 strainer 9.1 (30) 9.1 (30)

1 drainback tank 1.5 (5) 1.5 (5)

6 standard elbows 2.7 (9.0) 3.8 (12.5)

Total equivalent pipe length m (ft) 34 (112.5) 37 (121.0)
System Measurements
Pipe ID [cm (in.)] 1.38 (0.545) 1.99 (0.785)
Flow rate [m>/s (gpm)] 1.26 x 1074 (2) 1.26 x 1074 (2)
Velocity [m/s (fps)] 0.84 (2.75) 0.40 (1.3)
Friction factor (approxe.) 0.03 0.03
Lv 2
hg = fﬁfg-kPa (ft of water) 26 (8.7) 4.5 (1.5)
h, = [2 at 6.3 x 1072 m3/s (1 gpm) each],
kPa (ft of water) 1.2 (0.4) 1.2 (0.4)
hp = hf + hc [kPa (ft of water)] 27.0 (9.1) 5.7 (1.9)

Note: hf = friction head

collector head

=2
li

total dynamic pumping head

7-W pumps for 1.27-cm and l.9-cm [3/4-in.] pipe, respectively) and operate
2500 h/yr, if electricity costs $0.06/kWh. The operating cost for a 12.7-cm
(1/2-in.) pipe is (3.4 W)(2500 h/yr)($0.06/kWh)(kW/1000 W)/0.1, which equals
$5.10/yr. The operating cost for a l.9-cm pipe is (0.7 W) (2500 h/yr)
($0.06/kWh)(kW/1000 W)/0.1, which equals $1.05/yr.

The operating cost penalty incurred by using l1.27-cm (1/2-in.) pipe instead of
l1.9~cm (3/4-in.) pipe can be seen. If the overall efficiency of the pump were
only 5% (which may be more realistic), the operating costs double and the dif-
ference in operating costs between the two pipe sizes becomes $8.10/yr. This
is a small amount, but it could be significant because 100- to 200-W pumps are
often used instead of the 34-W and 7-W pumps used in the example. Proper
sizing of the pump will lead to the greatest savings.

This analysis 1is applicable to any circulating system. The system of
particular interest 1is the drainback SDHW system. The pump in a drainback
system must overcome the static head as well as the friction heads 1In an '
open—-drop system, the static head is always present. In a syphon-return
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system, the pump must overcome the static head every time it begins
operation., Since the static head is an additive term in the total pump head
equation, it can be isolated and studied independently. A typical SDHW
drainback system may have a static head of 25 ft. The static head is
independent of pipe size. If an open—drop system operates 2500 h/yr with a
flow rate of 1.3 x 10~ m3/s (2 gpm), a static head of 74.7 kPa, (25 ft) and
electricity costs $0.06/kWh, the annual operating costs will be:

operating cost = [(1.26 x 10_4 m3/s)(74,700 Pa)] (2500 h/yr)($0.06/kWh)
(1 kW/1000 W) /n .

The equivalent cost in English units is:

operating cost = (62.4 lb/ft3) (2 gal/min x 0.1337 ft3/gal)(25 ££) (2500 h/yr)
x ($0.06/kWh) (1 kW/1000 W) (2.26 x 1072 W/ft-1b min)/n = $l.41/n .

If the pump operates at an overall efficiency of 10%, the electric cost to
overcome the static head in an open-drop system will be $14.10/yr. If the
efficiency were only 5%, the cost would be $28.20/yr. Less than 9.5 W of
hydraulic power are required to meet this static head. However, a 95-W pump
is required for an efficiency of 10%; a 190-W pump is required if efficiency
is only 5%. These costs do not include the cost required to overcome the
friction head. The friction head in open—drop systems is less than in cir-
culating systems, since the downcomer uses gravity return and presents no
pressure drop to the pump. From Table 4-4, it can be seen that the pressure
drop from the collector in the 1.27-cm (1/2-in.) pipe system is less than 10%
of the total pressure drop for the system. We assumed that the total dynamic
pumping head is approximately equal to friction head less the collector head

= hf Thus an error of less than 10% for typical SDHW flow rates in the
1 E7—cm pipe system will result. Since the pumping cost varies linearly with
hp, and he is linear with L (the equivalent pipe length), then

cost « L. ,

If the equivalent pipe length is halved by using an open—-drop system, then the
operating costs to overcome the friction head will be halved for the 1.27-cm
(1/2-in.) system. The operating costs for the static head and friction head
can then be added. If the pump operates at 10% efficiency, the operating cost
will be $5.10/2 + $14.,10 or about $17/yr. If the pump is 5% efficient, the
cost will be about $33/yr.

With the 1.9-cm (3/4-in.) pipe system, the operating cost for the open-drop
drainback system is approximately the static head pump costs (within 5%),
since the cost to overcome the total dynamic friction head is relatively low.

Note that the annual cost of operating an open drop system with 1,.27-cm
(1/2-in.) pipe and a 74.7 kPa (7.6 m or 25 ft) static head at 1.26 x 1074 m3/s
(2 gpm) with a 5% efficient pump is equivalent to the cost of operating a
100 W light bulb for 15 h/day for one year. It may be true that it does not
cost any more to run a solar system pump than to operate a 100-W bulb, but
operating a 100-W light bulb for that duration results in a significant cost.

Assuming a DHW load of 21 GJ/yr (20 MBtu/yr) and a solar fraction of 50%, the
annual savings would be 11 GJ/yr (10 MBtu/yr) or 0.92 GJ/month (0.83 MBtu/

65



99

Table 4-4.

Pressure Drop as a Function of Pipe Size and Flow Rate

1.27-cm (1/2-in.) Pipe

1.9~cm (3/4-in.) Pipe

Flow
v hf hc hp v hf hc p
-5 3 (ft of (ft of (ft of (ft of (ft of (ft of
107 m"/s (gpm) /s (fps) kPa water) kPa water) kPa water) w/s  (fps) kPa water) kpa water) water)
0 0 o 0) 0 )y o (0) 0 (0) 0 0) 0 (0) © (0) 0 (0)
3.2 (.5) 0.21 (0.7) 1.8 (0.6) 0.3 (0.1) 2.1 (0.7) 0.09 (0.3) 0.3 (0.1) 0.3 (0.1) 0.6 (0.2)
6.3 (1.0) 0.43 (1.4) 6.9 (2.3) 0.6 (0.2) 7.5 (2.5) 0.21 (0.7) 1.2 (0.4) 0.6 (0.2) 1.8 (0.6)
9.5 (1.5) 0.64 (2.1) 15.2 (5.1) 0.9 (0.3) 16.1 (5.4) 0.30 (1.0) 2,7 (0.9) 0.9 (0.3) 3.6 (1.2)
13 (2) 0.85 (2.8) 26,0 (8.7) 1.2 (0.4) 27.5 (9.2) 0.40 (1.3) 4,5 (1.5) 1.2 (0.4) 5.7 (1.9)
19 (3) 1.25 (4.1) 57.7 (19.3) 2.1 (0.7) 59.8 (20.0) 0.61 (2.0) 10.2 (3.4) 2.1 (0.7) 12.3 (4.1)
32 (5) 2,10 (6.9) 164.8 (54.8) 2.7 (0.9) 166.5 (55.7) 1.01 (3.3) 28,1 (9.4) 2.7 (0.9) 30.8 (10.3)
63 (10) 4,21 (13.8) 654.6 (219.0) 5.7 (1.9) 660.3 (220.9) 2.01 (6.6) 112.1 (37.5) 5.7 (1.9) 117.8 (39.4)
v = velocity
hf = friction head
h, = collector head (Grumman Energy Systems Models 321A/332A at one half of flow rate — two collectors in parallel)

pumping head,

hp = hf + hc

=S
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month). With energy prices ranging from $3/GJ ($3/MBtu) for gas to $15.65/GJ
($14/MBtu) for electricity, monthly savings can range from $3.94 (assuming a
water heater efficiency of 70%) to $14.40/mo. Hence, the operating costs are
not negligible. 1If natural gas is displaced, much of the savings may go to
operating the pump. If an open-drop drainback system with a 1.27-cm (1/2-in.)
pipe is used with a 5% overall efficiency pump to displace natural gas, the

annual operating costs of $33 would nearly equal the annual savings of $47 in
our example.

There are several ways to reduce the operating cost of a drainback system.
One is to increase the efficiency of the pump equipwent since the hydraulic
power required is small. Inefficiencies result from both the motor (resistive
losses) and the pump (possible friction losses and fluid bypass around the
impeller). The other alternative to reduce the operating cost of drainback
systems is to use a syphon return. This method reduces electric consumption
only if the electric power is reduced after a syphon is established. This can
be accomplished by a two-speed pump, by two pumps, or by modulating the speed
of the pump with a Triac coantroller. If this strategy is not followed and a
syphon return is established, then operating costs will increase even more
since power consumption increases with flow rate. In addition, premature
failure of the pipe can occur because of erosion and corrosion at excessively
high fluid velocities.

The operating cost for a syphon return system is the cost to circulate the
fluid and the cost to develop the syphon. The methodology is the same as that
for the open—drop system with a much shorter time interval. If a system
starts an average of 4 times/day (a time delay would be needed to prevent
cycling) and takes 5 min to establish a syphon, then the pump operates 20
min/day to overcome the static head. For 300 days of operation, this pump
would run 100 h/yr. Tge annual cost to overcome a head of 74.7 kPa (7 m or
25 ft) at l.26 x 10—4 m”/s (2 gpm) and a cost of $0.06/kWh would be:

operating cost = (1.26 x 10~% m3/s)(74,700 Pa)(100 h/yr)($0.06/kWh)(kW/1000 W)
The equivalent annual cost in English units is

operating cost = (62,4 lb/ft3) (2 gal/min x 0.1337 ft3/gal)(25 £t) (100 h/yr) x
($0.06/kWh) (2.26 x 107> W/ft-1b min)/n = 0.056/7.

The cost to overcome the static head and initiate a syphon return would be
$0.56/yr for a pump with an overall efficiency of 10%, and $1.12/yr for a 5%
efficiency pump. The savings from using this strategy instead of an open—drop
system or a syphon return without reduced flow would range from $14 to
$27/yr. Table 4-5 summarizes the annual operating costs for various system
strategies, pipe sizes, and pump efficiencies.

4.3.1 Calculated Pump Efficiencies

Published pump efficiencies are much higher than actual or calculated effi-
ciencies because published efficiencies do not include the motor efficiency.
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Table 4-5. Annual System Operating Cost ($) .

n = 5% n = 10%

System Type Friction Static  Total  Friction Static Total

Head Head Head Head Head Head
1,27-cm (1/2-in.) pipe:
Circulating?® 10,20 - 10.20 5.10 - 5.10
Open drop . 5.10 28.20 33.30 2.60 14,10 16.70
Syphon return 10.20 1.12 11.32 5.10 0.56 5.66
1.9-cm (3/4-in.) pipe:
Circulating?® 2.10 - 2.10 1.05 - 1.05
Open drop 1.05 28.20 29.25 0.50 14.10 14.60
Syphon return 2.10 1.12 3.22 1.05 0.56 1.61

3Would include draindown and other water circulating systems; shown for com
parison to demonstrate effect of drainback strategy on operating costs.

Figure 4-14 shows the published mechanical efficiency of a Taco pump and also
the overall equipment efficiency of the pump and motor calculated from the
published head-flow curve. As expected, there is a substantial difference
between the two efficiencies. In general, peak efficiency for these pumps
occurs at about half of maximum flow, dropping to zero at each end of the
flow—rate range.

Figure 4-15 shows the efficiencies of several Myson pumps calculated from the
published head-flow curves. Peak efficiencies vary from less than 1% to over
20%; Table 4-6 gives the peak efficiencies for each pump and the flow condi-
tions at which the peak occurs.

The conclusions that can be drawn from this data are as follows:
e Larger pumps (high values of head times flow) are generally more effi-

cient than pumps with smaller values of head times flow.

e Efficiency increases with head at a constant flow rate (compare the
LC 45B and the LC 49B, for instance).

e The variable speed pumps (LA 45, LA 55, LA 58) have very low efficiencies
(~1%) at low speeds, which is one-tenth to one-twentieth of their high
speed efficiencies. This is caused by a fluid bypass in the particular
pumps used to control flow.

Table 4-7 shows the peak overall efficiencies calculated for several Taco
pumps. Peak efficiencies are approximately 8% to 207%.

Taco measures the mechanical (shaft to fluid) efficiencies of their pumps
without the motor efficiency. The peak pump efficiencies vary from 23% to

52%‘ ‘
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Figure 4-14,
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Figure 4-15. Myson Pump Efficiencies

Table 4-6. Myson Pump Efficiencies Calculated from
Published Head-Flow Curves

Peak Head Flow Rate
Model Overall

Efficiency kPa ft of water 1072 n3/s gpm

LA 43 17.1 16.1 5.4 88 14
LA 45 (max) 10.6 16.4 5.5 63 10
(min) 0.6 3.3 l.1 19 3

LA 53 21.4 23.3 7.8 95 15
LA 55 (max) 15.4 22.1 7.4 76 12
(min) 1.5 6.3 2.1 25 4

LA 58 (max) 14.9 38.2 12.8 38 6
(min) 1.1 4,2 1.4 25 4

LC 25B 4,2 9.6 3.2 38 6
LC 45B 4.3 9.8 3.3 38 6
LC 49B 15.4 41.8 14 38 6
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Table 4-7. Calculated Overall Pump Efficiencies

Overall Head Flow Rate
Pumps Peak 5 3
Efficiency (%) kPa ft of water 10 m~/s gpm

008, 008-B, 008V;

-2, -3 models 19.0 31.7 10.6 0.50 8
007~3, -B3 18.2 20.9 7 .76 12
006~B2, -BT2, -BC2 8.2 17.9 6 0.38 6
006-B2Y, -BT2Y, —-BC2Y 7.2 16.1 5.4 0.38 6
009~F2, -BF2 15.1 54,4 18.2 0.32 5

Using the calculated overall pump efficiencies and the published mechanical
pump efficiencies, we calculated the motor efficiency for each of these
pumps. The results are shown in Table 4-8.

These data show that pumps are more efficient when designed for larger flow

rates and higher head applications, and all the motors shown are about 30%-407%
efficient.

4.3.2 Measured Overall Pump Efficiencies

4,3.2,1 Pump Testing

The initial test setup included a Ramapo target meter to measure flow rate
with a flow bypass through a Brooks rotameter. Flow was through a 1l.27-cm
(1/2-in.) pipe that extended 5.5 m (18 ft) above the water level of an unpres-—
surized tank. A globe valve was used for throttling the flow. The pressure
drop through the target meter and piping was too high and did not allow
sufficiently high flow rates. A rotameter was installed to measure flow rate
of the draining and a flow bypass valve around the pump was installed to
measure resistance to backward draining through the centrifugal pump. The
pump did not impede drainage measurably.

Table 4-8. Calculated Pump Motor Efficiencies

Pumps Pump-Alone Efficiency (%) Motor Efficiency (%)
008 51.8 36.7
007 50.0 36.4
006-B2 23.5 34.9
006-B2Y 23.2 31.0
009 29.5 38,2
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The setup was then modified by replacing the target meter with a Cox turbine
meter. The piping was changed to allow the fluid to flow from the storage
tank through the pump and as directly as possible back to the tank. The globe
valve was removed and the 1l.27-ecm (1/2-in.) line was replaced by 1l.9-cm
(3/4-in.) line and fittings, except in the flowmeter section. The pressure
transducers were removed for calibration but could not be properly
calibrated. In additiom, the pressure transducers may have been too close to
the pump suction and discharge for accurate readings. Fittings immediately
before and after the pump (elbows and tees) also may have affected the pump's
performance. Therefore, the piping was changed to‘ the final setup that is
shown in Figures 4-16 and 4-17. A differential pressure transducer was used
instead of the two absolute pressure transducers. However, this configuration
also had limitations, which will be discussed in Appendix C. All the
instruments were turned on for at least 30 min before testing. An equipment
list is shown in Table 4-9. A discussion of the individual instruments is
given in Appendix C. A summary of the instrumentation uncertainties is given
in Table C-3.

4.3.2.2 Results

In addition to uncertainty in the reading, instrumentation malfunction must
also be considered. Appendix C presents the test results for this
experimental setup, discusses measurement uncertainty, and identifies possible
sources of instrument malfunction. In general, this setup was not adequate to
measure pump performance at high flow rates and low pressure heads because of
the turbine meter pressure drop. Additionally, high heads at low flow rates
could not be measured due to difficulties with the pressure transducers.

Measurements of the head-flow curves for the Taco 009 and Grundfos UPS 20-42
pumps were also generated using two dial pressure gauges. The results are
shown in Figure 4-18 for the Taco pump and Figure 4-19 for the Grundfos three-
speed pump. These experimental results agree closely with the published per-
formance except for the lowest speed of the Grundfos pump, and there the
performance exceeded the published curve. The overall efficiencies of these
pumps are shown in Table 4-10. Note that the power to the pump is propor-
tional to the flow rate. Peak efficiencies could not be measured due to the
flow measurement limitations. The gauges read the hydrostatic pressure
correctly and zeroed properly for atmospheric gauge pressure. The equipment
to calibrate the strain-gauge pressure transducers properly was not avail-
able. The wuncertainty of the Viatran differential pressure transducer
appeared to be larger than specifieds Only the differential and span could be
checked.

After the pump performance testing was completed, equipment was obtained to
measure the power factor of the pumps. An Energy Research Associates solid-
state kilowatt hour meter (KWH 770) was used to measure the real power of the
pump (volts X amps X power factor), and the GE ammeter and Fluke multimeter
(see Appendix C) were used to measure the apparent power of the pump (volts X
amps). The power factor is equal to the real power of the pump divided by the
apparent power of the pump. The results for the Taco 009 and Grundfos
UPS 20-42 are shown in Table 4-11., The power factor ranges from 0.83 to 0.875
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All piping is 1.9 cm (0.75 in.) except the flowmeter section, which is 1.27-cm (0.50~in.) tubing, and a

5.5-m (18-ft) section which is 1.27-cm pipe.

Pump has 1.27-cm threaded fittings (fitting and reducers 5 cm [2 in.] long).

Figure 4-16. Experimental Setup for Richdel Pumps
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Figure 4-17. Experimental Setup for Grundfos and Taco Pumps
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Table 4-9.

Equipment List for Pump Tests

Component

Serial Number

Manufacturer and
Model Number

Range of Capacity

Turbine flowmeter

Digital panel meter

Target meter

Transmitter

Rotameter

Rotameter

Storage tank

Pressure transducer

Pressure transducer

Pressure transducer

Pressure transducer

Transducer wire

Transducer power
supply

Digital voltmeter

Clamp-on ammeter

Data logger

Pump (new)

Pump (new)

Pump (used)

39499

81-162

7653

21666
8009H57722/3
8009H57721/2
F80658665
210769
171411
210809
17561181

1331
2575765
DOE 108415
2011A00118
A8137

Bl 934940
BO 439848

Cox ANC8

Cox 8550

Ramapo V-1/2-8S

Ramapo SGA-8350B
Brooks S$-925-J-204-AAA
Brooks S-925-J-203-AAA
3E2020

Viatran 218-24

Viatran 218-24

Viatran 218-24

Viatran 220-24

Belden 8426

Raytheon DTM24-4
Fluke 8024 A

G. E. 942D

H., P. 3497A
Grundfos UPS 20-42
Richdel R798A
Ric