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FOREWORD

The annual Active Solar Heating and Cooling Contractors' Review Meeting is sponsored by the
Department of Energy under the Office of the Assistant Secretary for Conservation and Renewable Energy.
This meeting serves as a forum for an exchange of technical information and an updating of program

‘strategy and pd]icy for both the participating contractors and the field management offices.

~ The active solar heating and cooling development progréms are directed by the Active Heating and
Cooling Division of the Office of Solar Heat Technology. DOE uses the following resources in the
management and implementation of this program:

e DOE Operations Offices

o DOE National Laboratories }

e National Aeronautics and Space Administration (NASA)
e Solar Energy Research Institute

e Contractors

Currently, major emphasis is being placeg on the development of reljable, cost effective, publicly -
acceptable solar heating and cooling systems. Work is also continuing in the area of advanced components,
subsystems, and materials. For convenience, the papers contained herein are organized according to the
Active Heating and Cooling Division program managément structure which includes the fé]]owing seven
program elements and five program technology Qroups:

Program Elements Techno1o§y'GrOUps
Rankine Solar Cooling Systems . Solar Collector Technology
Absorption Solar Cooling Systems Solar Storage Technology
Desiccant Solar Cooling Systems _So1ar'Controls Technology
Solar Heat Pump Systems Solar Analysis Technology
Solar Hot Water Systams . Solar Materials Technology

Special Projects
Administrative/Management Support

Due to the practical limitation of the time period for this meeting, only selected papers will be
presented. However, the genera1 progress and status of other active contracts have been summarized in the
overview papers presented by the session chairmen. These overviews are printed at the beginning of each
section of the Proceedings and are followed by papers in alphabetical order by name of the contract organi-
zation. ‘

Finally, it. is expected that the public release and dissemination of the subject proceedings will lead
to a better understanding of the status and progress of the DOE Active Solar Heating and Cooling Program.
Through the exchange of such information, it is anticipated that the widespread application of Active Solar
Energy Technology will be significantly expedited. '

rAA,

D. Robert Jor s Acting Director
Active Heating & Cooling Division
Qffice of Solar Heat Technologies
Conservation and Renewable Energy
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Overview of Active Solar Absorption/Rankine Cooling Programd

Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

Michael Wahlig, Al Heitz*, Harry Angerman*, Ron Glas, Mashuri Warren

OBJECTIVE

The overall objective of the DOE active solar
cooling program is to develop the basic solar cool-
ing technology that industry can draw upon to
engineer and produce solar cooling systems that

- will compete favorably with conventional cooling
systems. By taking responsibility for the high-
risk early research and development stages that
private industry cannot yet justify undertaking,
DOE will lay the foundation for technically sound
solar cooling systems that the private sector can
commercialize when market conditions are suitable.

BACKGROUND

A number of specific major objectives have
been identified as necessary to achieve the overall
objective. To meet these major objectives, a
number of projects are being supported in both the
absorption and the Rankine cooling areas. The
correspondence between the individual projects and
the major objectives is shown in Figure 1 for the
absorption program and in Figure 2 for the Rankine
program. Brief descriptions of the technical con-
tent of each project are given below in the Techni-
cal Accomplishments section. This paper is an
update of the review of project activities that was
reported at the Mach 1980 Annual DOE Active Solar
Heating and Cooling Contractors Review Meeting[1l].
This information covers the period March 1980 to
May 1981.

W THTS work has been supported by the Assis-
tant Secretary for Conservation and Renewable
Energy; office of Solar Aqylicatlons for
Buildings, Active Heating and Cooling Division
of the U.S. Department of Energy under Con-
tract No. W-7405-ENG-48. i

-* Employees of Keller & Gannon, a subsidiary
of Lester B. Knight Associates, Inc.

) (5) ETI

Figure 1. Absorption Cooling Program

CONTRACbeS MAJOR _OBJECTIVES
(1) ARKLA Improve Efficiency
(1) CARRIER Improve Fabrication Techniqﬁes

(2) CARRIER/BPA Subsystem Integration

(2) CARRIER/NASA Eliminate C(;o11ng Tower
(2) CARRIER/SOLERAS Field Operation Experience
(4) UNIVERSITY OF TEXAS Advanced Cycle Development )
(1) 8L Advanced ‘Mater{ials Research

Performance Mapping ‘

(3) SRI
(2) csu
Fiaure 2. Rankine Cooling Program
CONTRACTORS . MAJOR OBJECTIVES'
(5) CARRIER
Improve Efficiency
(5) UTRC
Component Testing
(6) UTRC/SOLERAS
Performance Mapping
(5) U. of PENNR

Advanced Cycle Development

Reliability Testing
{5) HONEYWELL

Field Operation Experience
{6) HONEYWELL/SOLERAS

/ Advanced Mater{al Research
(7) THERMO ELECTRON o

SUMWRY |

The tasks being performed in the absorption.
and Rankine program areas run the gamut from basic
work on fluids to development of chillers and
chiller components, to field and reliability test-
ing of complete prototype cooling systems. In the
absorption program there are three active component
development projects (1), four systems field test
projects (2), one advanced fluid study project (3),
and one advanced cycle study project (4) currently .
funded by DOE. In the Rankine program, there are
five active component development projects (5), two
system field test projects (6), and one advanced
fluid study project (7). (The numbers in
parentheses are keyed to the contractors listed in
Figures 1 and 2.)

Several of the solar cooling projects are
managed by NASA/MSFC (Marshall Space Flight Center,
Huntsville, Alabama): the Carrier/NASA absorption
projects and the Honeywell Rankine project. The



Honeywell project is a continuation of the earlier
‘NASA/MSFC "404" program; two other 404 projects, by
A;Research and General Electric, have now been com-
pleted.

Some of the DOE solar cooling projects
‘reported in last year's Overview[1l] have also been
completed since then, and several others are in the
final report stage. Those completed are: an ear-
- 1ier ARKLA absorption project (Contract No. ACO3-
76SF-10507, Development of Third-Generation Three
Ton Lithium Bromide-Water Absorption Chiller), the
Brookhaven National Laboratory project (Contract
-No. (C-02-0016, Development and Use of a Simulator
to Test Solar Cooling Subsystems), and the EIC Cor-
poration project (Contract No. AC03-77(CS-34537,
Design of a Solar Air Conditioner Using Solid Phase
.Absorbent-Chemical Heat Pump). The projects in the
final report phase are those by Southern Research
Institute (Contract No. AC03-77CS-31586, Analysis
of Advanced Conceptual Absorption Chiller Designs)
and the Institute of Gas Technology (Contract No.
:AC03-77CS-31439, Development of New Fluids for
Solar Absorption Cooling). None of these projects
will be included in the detailed descriptions given
in the following section,

Three new projects have been started during
the past year and will be reported on here: Deter-
mination of Properties of Fluids for Solar Applica-
tions, by -SRI International; Fabrication and
Installation at Field Test Sites of 120-ton and

75-ton Absorption Chillers, by Carrier Corporation

(NASA/MSFC contracts); and Determination of the
Thermal Stability of Organic Working Fluids Used in
Rankine Cycle Systems, by Thermo Electron. In
addition, .much of the ongoing systems test work at
Colorado State University is an inteqral part of
the acllive solar codling program and that effort
will be reported here also.

A joint US/Saudi Arabian effort has contri-
buted to the development of Rankine and absorption
solar cooling systems. Four projects have been
funded by this (SOLERAS) activity,. all to be
installed and operated in Phoenix, Arizona. Each
manufacturer has contributed some private money in

addition to the 50/50 share by the U.S. and Saudi -

Arabia. Table 1 summarizes these projects.

Table 1
U.S./SAUDI ARABIAN PROJECTS (SOLERAS PROGRAM)

TYPE SYSTEM COOLING
CONTRACTOR CYCLE/COLLECTORS CAPACITY (TONS)
UTRC RANKINE/TROUGH TRACKING 18
HONEYWELL RANKINE/EVACUATED TUBE 25
CARRIER ABSORPTION (WATER COOLED)/TROUGH TRACKING 15
CARRIER ABSORPTION (AIR.COOLED)/FRESNEL DUAL 10
TRACKING

Some technical highlights of the programn are
presented in Table 2.

1-2

Table 2
TECHNICAL HIGHLIGHTS

CONTRACTORS
e  HONEYWELL (RANKINE)

ACCOMPL ISHMENTS

Continued successful field operation
in Lawrence, Kansas and other locations.

o UTRC (RANKINE) Prototype unit converted to atr cooled
operation, with successful start-up

in Phoenix SOLERAS test project.

Identification of potential for
substantial technical performance
{mprovements through development and
use of computer models of doudle-
effect absorption chillers.

s U, of TEXAS (ABSORPTION)

TECHNICAL ACCOMPLISHMENTS

The individual absorption and Rankine projects
are identified in this section, along with the main
features and accomplishments/status of each.

ABSORPTION PROJECTS
ARKLA

AC03-77CS-34593

Contractor:

Contract No.:

.Project Develop and test unitary 3-ton and 25-
ton LiBr/H,0 absorption cooling sys-
tems. Deve%op and test double effect,
gas fired auxiliary absorption unit.

Features: Unitary package; fuel aux; manufactur-

ing study; application and maintenance
manuals; tooling improvements; lab
reliability testing. Gas fired double
effect absurpllun unit provides highly
efficient COP (1.0) on non-solar opera-
tion. :

Accompl ishments:

o Two field test installations have been

completed and performance predictions

verified.

e 25-ton unitized packaged chiller has
been 1ab tested and prepared for field
installation scheduled for Building 71
at Lawrence Berkeley Laboratory.

e Tooling has been developed to produce
absorber and condenser heat exchangers
at reduced cost.

Future Plans:

e Complete design of double effect gas
fired auxiliary absorption unit; fabri-
cate and test.

e Assist in field test of 3-ton system at
CSU and 25-ton system at LBL.

e Complete laboratory reliability testing
of 3rd generation 3-ton units.

Contractor: Carrier Corporation

Contract No.: AC03-77CS-51587

-



Development of air cooled absorption

Project:
chillers.
Features: Air cooled; 120° C - 130° C input tem-

perature; falling film approach using
additives; manufacturing study and
market evaluation. -

Accomplishments:

e Prototype #1, a 10KW air cooled uni- .

tized package chiller has been fabri-
cated; performance testing is in pro-
gress.

Future Plans:

o Improve design of 10KW absorption
chiller; fabricate and test three 10KW
units.

e Design, fabricate and test a 70 KW
absorption chiller.

Contractor: Carrier Corporation/BPA

Contract No.: AC79-79BP-10467
Fabricate two 15-ton unitized absorp-
tion chillers and install them at two
field sites: Dalles, Oregon and Tyler,
Texas. -

Project:

Features: Water cooled, LiBr chillers; packaged;
on-site testing; personnel training.

Accomplishments:

e Tyler, Texas and Dalles, Oregon instal-
lations have been successfully operated
for a full cooling season.

Future Plans:

e The Tyler, Texas installation will con-

" tinue to be operated during the summer

of 1981 to obtain additional data on
field test performance.

Contractor: Carrier Corporation/NASA
Contract No.: DEN 8-000005. & DEN 8-000015

Fabricate one 120-ton absorption unit
to be installed at Frenchman's Reef,
V.I. and two 75-ton absorption units to
. be installed at Houston and Las Vegas
sites. Field test systems at each
site.

Project:

Features: Water cooled; LiBr chillers; packaged;
’ on-site testing; personnel training.

Accompl ishments:

e Frenchmen's Reef chiller has been
fabricated and shipped to the site for
installation,

"Future Plans:

1-3

e Las Vegas and Houston installations are
planned for completion in 1982,

Contractor: Carrier Corporation/SOLERAS

Contract No.: DE-FCO3=80ET 20643

Design, fabricate, install, and field

test two active solar cooling systems
using absorption chillers. :

Features: System #1, 15-ton water-cooled absorp-
f!on cthﬁer and trough tracking col-
lectors (Acurex).

Project:

System #2, 10-ton air-cooled absorption .
[3 er and Fresnel dual tracking col-
lectors (E-Systems).

Accompl ishments

e The 15-ton water cooled system has been
installed and operated at Phoenix test
site. Debugging is presently underway.

e The 10-ton air cooled system is com-
plete excegt for final placement of the
chiller. The absorption unit is under-
going extensive lab tests at the Car-
rier faci{11ty in Syracuse, N.Y.

Future Plans:

e Both systems will be field tested and
the data will be used in the active
solar cooling program.

Contractor:  University of Texas at Austin

Contract No.: DE-AC03-79SF 10540

Project: Analysis of double effect absorption
cooling system
Features: Determine performance as a function of

many parameters, including inlet water,
cooling water and chilled water tem-
peratures, location and size of heat
exchangers; LiBr/HZO pair.

Accomplishments:

e Computer model has been successfully
developed to simulate operating perfor-
mance . of double-effect absorption
cycles.

e Final report has been completed.
Future Plans

e Apply the computer model developed for
double-effect absorption chillers to
investigate control schemes, parasitic
power requirements, and heat exchanger
optimization relative to system perfor-
mance.



e Assist industry in using

model.

computer

Contractor: Lawrence Berkeley Laboratory

Contract No.:. w-7405-ENG-48

Project: Development of advanced-cycle absorp-
tion chillers.
Features: Air-cooled; internally powered solution

pump; tube-in-tube heat exchangers;
s1ng]e—effec3 chiller w1th 3-ton capa-
city at -218°F using NH,/H,0; advanced
cycles with COP increa with tem-

perature; heat pump operat1on also.

Accomplishments:

° Early testing of single effect chiller

verified the condenser, generator,
preheater and recuperative solution
pump are operating according to design.

o Design drawings have been completed and

fabrication is underway for the
double-effect regenerat1ve absorption
chiller.

Future Plans:

° Detailed testing will conclude on the
single-effect chi]lerﬂ

° Fabrication will be completed, followed
by testing of the double-effect regen-
erative absorption chiller.

. Cycle analysis of the single-effact
regenerative absorption chiller will
incorporate the results of the SRI
measurements of fluids' properties.

SRI International

DE-AC03-80CS 30221

Contractor:

Contract No.:

Project: Determine  pressure-volume-temperature
(P-V-T) data and calorimetric data for
organic refrigerant and absorbent
fluids and their binary mixtures.

Features:' Conduct a critical survey of thermo-

dynamic data on absorption fluids and
fluid pairs and measure properties of
selected fluids and their mixtures.

Accompl ishments:

o Lliterature search has been completed
and findings documented.

e Experimental measurements of the pro-
« perties of the fluids are underway.

Future Plans:

¢ In-depth experiments will be conducted
and the data will be analyzed on
selected absorpt10n fluids and fluid
pairs.
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Colorado State University

DE-AC03-81CS 30569

Contractor:

Contract No.:

Project: Test and evaluate complete solar cool-
" ing systems incorporating absorption
chillers, both air and liquid cooled,
using CSU Solar Houses I and III.
Features: The CSU Solar Houses contain collec-

tors, storage, chillers, pumps, piping
and controls, all fully instrumented
for collecting test data. The test
systems are scheduled to operate with
an ARKLA evaporatively cooled 3-ton
chiller and a Carrier air cooled 3-ton
chiller.

Accompl ishments:

. Instrhmentation' is in place and pro-
grammable controllers are being
installed in the Solar Houses.

e Philips Mark I heat pipe evacuated tube
collectors have been installed and
operated on Solar House I.

e The ARKLA 3rd generation unit was
installed in Solar House I and operated
briefly at the end of the 1980 cooling
season.

Future Plans:

e Extensive testing will be done on the.
ARKLA  3rd generation chiller using
Solar House I during summer 1981.

o Evacuated tube co]lectoré will be
selected and installed on Solar House
III during 1981.

e The Carrier air cooled 3-ton absorption
chiller will be installed in Solar
House IIl and operated during the sum-
mer of 1982,

Contractor: University of Maryland

Contract No.: DE AC034i9CS 30204

Project:‘ Technical program support and special
studies.

Features: General program support activities;
optimization studies and parametric
analysis.

Accomplishments:

e Report on refrigerant/absorbent pairs
completed.

o Transient simulation of absorption.
cycles completed and compared favorably
to experimental data.



sdperheated

Project: Development of a steam
Rankine turbine.

Features: Solar-boiled water ~at 3000F; fuel-
superheated to- 10000F; -4 stage, 75,000

RPM radial outflow turbine; nominal 30
ton.

Accomplishments:

e Laboratory testing of turbine has been
completed successfully:

o Final report has been completed.
Future Plans:

o Project completed.

Contractor: Honeywell

Contract No.: NAS8-32093

'Development of Rankine cycle chillers

Project:
and field installation for testing.
Features: 3-ton and 25-ton Rankine chiller

design; water-cooled; R-113 power cycle
loop; R-12 refrigerant cycle Tloop;
radial inflow turbine, 40,000 RPM; dou-
ble reduction gear box to 1200 RPM;
-reciprocating compressor (centrifugal

compressor optional); motor/generator
auxiliary.
Accomplishments:
"o Field .test sites continue . to be

operated successfully and monitored.

e High temperature Rankine unit fabri-
cated and installed at NASA/MSFC.

Future Plans:

téchnology

e Further development to
1mprove efficiency of chiller and cool-
ing system.

A Y
o Continued” monitoring of operational
test sites.
Contractor: Honeywell/SOLERAS -
Contract No.: DF-FE02-80ET 20645
Project: Design, fabricate, install and field
- test 25-ton Rankine cycle cooling sys-
tem.
Features: ‘Air-cooled; 3000F; .R-113 power cycle
loop, R-12 refrigerant cycle loop;

radial inflow turbine, 40,000 RPM; dou-
ble reduction gearbox to 1200 RPM;
reciprocating . compressor;
motor/generator auxiliary.

Accomplishments:
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‘o Com onents ve been f bricated  and
system 1nsta led at noenix  site.

Operating tests are present]y underway.
Future Plans:

e Continue field operating tests for two
cooling seasons.

Contractor: Thermo Electron Corporation

Contract No.: DE-AC03-80CS 30220

Project: Conduct thermal stability tests on
- fluids used in Rankine cycle systems.
Features: Five identical dynamic test loop to be

constructed to test decomposition of
organic working fluids as a function of
temperature and the materials in con-
tact with the fluid.

Accompl ishments:

e Loop designs are completed and con-
struction underway.

0: R-11 and R-113 selected as fluids to be
tested in four of the 1oops.

Future Plans:

o Carry out dynamic thermal

stability
tests of fluids in 5 loops. .

‘e Conduct supplemental capsule tests.

Contractor: Hittman Associates, Inc. (HAI)

Contract No.: DE-AC03-79CS 30202

"Project: Technical program support and spec1a1
: studies.
Features: General program support activities;
: special system, component and economic,
analyses.

Accompl ishments:

o Thermal storage for solar Rankine and
" absorption cooling systems report com-
pleted.

e Performance test plans completed for
Rankine and desiccant cooling equip-

ment.

e Hybrid solar/fossil Rankine cooling
conceptual study completed and report
written. .

e High temperature solar cooling topical
report completed.

e Preliminary plan for testing of cooling
system “control strategies was
developed.



e Simplified cooling design charts
developed on a regional basis, and com-
pared to detailed simulation.

e Parametric studies of PV/T systems have
identified performance sensitivities to
“collector area, storage capacity and
other parameters.

Future Plans

e Technical support act1v1t1es will con-
tinue.

o The cooling .design charts and PVT
analysis will be completed during the
next year.

s

RANKINE PROJECTS

Contractor: Carrier Corporation

Contract No.: DE-AC03-77CS 31590

Project: Development of 25-ton Rankine chiller.

Features: Air-cooled; R-113 in both loops; 290°F;
20,000 RPM turbine directly driving
compressor;
Toad.

Accomplisments:

e Turbo-compressor assembly has passed
the air test and is under R-113 test on
prototype.

e Two stage boiler feed pump has .been

fabricated and successfully tested.
Future Plans:
e Operate T/C assembly to design condi-
tions and determine performance map of
the chiller.

e Continue development of chiller to

include air cooled condensing coils and

microprocessor based control system.

Contractor: United Technologies Research Center

(UTRC)

Contract No.:DE-AC03-77CS 34510

Project: Develobment of 18-ton Rankine heat
- pump.
Features: Air Cooled; R-11 in both loops; 290°F;

45,000 RPM turbo compressor; fossil
fue1 auxiliary; both heating and coo]-
ing operation.

Accomplishments:

o Endurance testing and component assess-
ment has been completed.

electric motor shares the’
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e Advanced heat pump design has been coms
pleted to improve operating efficiency
and reduce fabrication cost.

Future Plans:

e Fabrication and testing of advanced
heat pump design.

Contractor: United Technologies Research
Center/SOLERAS
Contract No.: DE-FC02-80ET 20642
Project: Design, fabricate, install and field
' test a Rankine cycle solar cooling sys-
tem.
Features: 18-ton Rankine cycle heat pump; air- -

cooled; R-11 in both 1loops; 290°F;
45,000 RPM turbo-compressor; foss1l
fuel auxiliary; trough tracking collec-
tors.

Accomplishments:
o Prototype unit converted to air-cooled
operatwon with successful start-up in
' Phoenix SOLERAS test project.

Future Plans:

o Field testing of SOLERAS system through
two cooling seasons.

Contractor: University of Pennsylvania

Contract No.: AC03-78ET-20110

Project: Development of 20-ton superheated steam
Rankine chiller.

Features: Solar-boiled water at 260°F; fuel-
superheated to 1100°F; 5 stage, 15,000
RPM radial outflow turbine and rotary '
expander design; stored water flashes
to steam.

Accomplishments:

e Fabrication of turbine assembly is
being completed and test loop is under
construction.

Future Plans:

e Performance map of turbine will
measured using the steam power loop.

be

Contractor: Energy Technology, Inc. (ETI)

Contract No.: AC03-80CS-30214



Future Plans:

e Technical support activities and spe-
cial studies will continue.

SYSTEM ANALYSIS PROJECTS

Contractor: Science Applications, Inc. (sAI)

Contract No.: XB-0-9145-1

Project: .Performance and economic ' a’na1_yses of -
absorption and Rankine cooling systems.
Features: Develop computer programs to evaluate

system .performance and economics for
residential and commercial active solar
cooling systems; selected cities used.

Accomplishments:

‘e Completed detailed system modeling of
25-ton absorption and Rankine chillers.

e Annual system simulations and economic
analyses completed for four cities.

Future Plans:
e  Continued system evaluation for addi-

tional locations and system configura-
tions. .

In addition to the activities in the above
contracts, extensive planning efforts are underway
for long-range development efforts in the active
solar cooling program. An important function for
this planning effort was the active solar cooling

workshop attended by representatives from the solar

and HVAC industry, utilities and local- govermment,
financial and marketing organizations,
:architecture and engineering fields. The workshop
concentrated on four major topics: (1) technical,
(2) financial, (3) codes and standards, and (4)
-marketing aspects of active solar cooling. The
response from the 28 attendees provided a data base
- for follow-on presentations that will further con-
tribute to DOE's planning efforts.

" FUTURE ACTIVITIES

) From a technical point of view, the Rankine
and absorption projects have progressed from the
very early design and development stage to operat-
ing prototypes undergoing performance evaluations.
Operation of many of the early prototypes have

_identified key areas.of concerns for Rankine units
such as optimized system control, bearing design
and cooling schemes, back-up system alternatives,
and heat exchanger designs. For the absorption
systems, concerns are fluid flow design in the
absorber section, heat exchanger optimizatijon, con-
trol functions, and parasitic power reduction.
Common concerns for both systems are cost reduc-

and the °

tion, collector and storage selection criteria, and:

fluid stability at high tempertures. The future
activities of the active solar cooling program will
~address these key concerns.

In the past year, substantial progress has
been made identifying quantitative pr(ggram goals.
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A method of system analysis has been developed to

provide values of cost and performance goals, using:

computer simulation models and results of market
analysis. This effort is continuing.

It is expected that further development in the
absorption and Rankine cooling technologies will

ensue as a result of competitive solicitations for.

advanced cooling systems and components. In addi-

tion, it is planned to conduct systems engineering

of developed components leading to design and
application manuals ‘that will be available for use
by A& firms and the HVAC industry.

REFERENCES

[1] Michael Wahlig, A1, Heitz, and Barbara Boyce,
"Overview - Absorption/Rankine Solar Cooling Prog- '
gram," Proc, Annual DOE Active Solar Heating and
Cooling Contractors' Review Meeting, March 26-28,

1980.



DEVELOPMENT OF A HIGH TEMPERATURE SOLAR POWERED WATER CHILLER

ENERGY SYSTEMS DIVISION, CARRIER CORPORATION

RICHARD A.

ENGLISH

DE-AC-3-77C$31590

OBJECTIVE

The objectives of this program are: to develop
a high temperature solar powered air cooled 25 ton
chiller utilizing 250 to 300°F solar hot water
suitable for commercial and multi~family applica-
tions; to study, design and build a prototype
Rankine powered vapor compression cycle; and to
demonstrate and evaluate performance through
steady state and dynamic laboratory testing.

DESCRIPTION OF WORK

The design concept chosen as a result of Phase
I work is a dual loop Rankine power cycle driving
a Rankine vapor compression cycle. A single
working fluid, R-113, is used and both loops are
connected to a common condenser (Figure 1). The
prime mover is a high speed turbo compressor being
developed under subcontract by Mechanical Technology
Inc. This hermetic machine consists of a single
stage centrifugal compressor driven by a radial
inflow turbine. An auxiliary motor is mounted on
the shaft between the turbine and compressor and
will be powered by a variable frequency inverter.
The shaft assembly is supported on gas film
bearings to eliminate oil from the system (Figure
2).

The chiller will be an. air cooled outdoor
packaged unit similar to conventional rooftop air
conditioning equipment. Under design conditions
of 45°F leaving chilled water, Y5°F entering
condenser air and 290°F entering solar water, the
chiller will produce 25 tons of cooling at a COP
predicted to be above 0.70 with low parasitic
power.

Under Phase II, the detailed design of all
of the components and the final assembly was
completed; preliminary thermal stability tests
on R-113 were carried out successfully. The
project is now in Phase III. The chiller has
been built in a water cooled configuration for
initial turbo machine testing, and has been
installed and instrumented in a special test
facility. The turbo machine was built and
successfully tested on air at MTI., The air tests
verified the dynamic stability of the rotor running
on the gas bearings at all speeds up to the design
speed of 24,000 rpm. Initial spin testing now
underway with R-113 in the solar chiller is
directed at reproducing the air tests and
confirming the rotor dynamics predicted for R-113
(Figure 3). Another aspect of this testing is to
verify motor/bearing cooling gas flow and the
resulting cooling effectiveness. At the same
time, experience with the boiler feed pump and
its piping design is being gained (Figure 4).

When these initial qualification tests are
completed satisfactorily, performance mapping of
the turbine and compressor will be undertaken.
At the same time, a performance evaluation of the
major heat transfer components and the overall
cycle can be accomplished. Control strategies will -
also be explored and evaluated.

The air cooled configuration will then be
built, controls will be finalized, and tests will
be run to verify performance of the final chiller
concept.,

ACCOMPLISHMENTS

~~ Cycle studies and preliminary turbo machine
studies were completed under Phase I
establishing the final conceptual approach
and anticipated cost/performance.

- The evaluation of the working fluid thermal
stability has satisfactorily shown that
R-113 has excellent life potential in an
oil-free steel boiler at the maximum expected
temperature, 320°F, for this application.

-- The detailed design of the turbo machine and
the chiller has been completed.

- The turbomachine has been completed and has
successfully passed its qualification tests
on air. ’

-- The chiller has been built in the water
cooled configuration, has been installed in
a test facility, instrumented and charged.

-~ A two stage boiler feed pump has been
developed and successfully tested on R-113
in a separate loop.

FUTURE ACTIVITIES

-~ Initial qualification tests of the turbo
machine are underway in the chiller test loop
to evaluate the dynamic behavior of the turbo
machine. ’

--  After dynamic testing, the turbo machine
performance will be mapped over the expected
operating range and evaluated.

- The chiller performance will be mapped over
the expected operating range and evaluated.

—-- The chiller will be converted to the final
air cooled configuration and performance
testing will be undertaken to complete the
scope of work of the original contract.
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PUBLICATIONS/REPORTS

Is

Development of a High Temperature Solar
Powered Water Chiller, Phase I Technical
Progress Report for Period September 1977
to June 1978. Volumes I, II, III, and IV.
R. A. English, SAN-1590-1/314 (1978).

Development of a High Temperature Solar
Powered Water Chiller, Phase II Technical
Progress Report for Period June 1978 to

March 1979. Volumes I and II. R. A. English.

Development of a High Temperature Solar
Powered Water Chiller, Phase III, Technical
Progress Report for Period April 1979 to
September 1979, Volume I, R. A. English.

Development of a High Temperature Solar
Powered Water Chiller, Proceedings of DOE
Active Solar Heating and Cooling Contractors'
Meeting, March 26-28, 1980, R. A. English,
CONF 800340

CONTRACT INFORMATION

START DATE__ October 1977  gNp DATE_August 1981 CONTRACTVALUE__ $1,842,000

. MILESTONES

em:

Due date:

1. Phase I May 1979

2. Phase II January 1980

3. Phase III - Point "A" August 1981

4.

5.




SOLAR HEATING AND COOLING SYSTEMS

HONEYWELL, INCORPORATED; 1700 WEST HIGHWAY; ROSEVILLE, MINNESOTA 55113
STEVE SCARBOROUGH

NAS8-32093

The NASA Marshall Space Flight Center,
working in support of the U.S. Department of
Energy to develop solar heating and cooling
systems for residential and commercial applica-
tion, entered into a contract in June 1976, with
Honeywell, Inc., of Minneapolis, Minnesota, to
design and develop solar systems having high
performance, low cost, modular application, and
marketability. Acting as the prime contractor
responsible for the solar system design,
Honeywell teamed with Barber-Nichols of Denver,
Colorado, and Lennox Industries of Dallas, Texas.

In keeping with the objectives of the solar
energy development effort, Honeywell was given
the task of providing solar heating systems for
residential use and solar heating and cooling
systems for residential, multi-family, and
commercial application. This responsibility
includes the full range of system design,
fabrication, installation, maintenance, and
evaluation.

The major outgrowth of the team design
effort was two solar energy systems which
utilize flat plate collectors and are capable
of both heating and cooling. Similar in opera-
tion, the systems differ principally in their
size and energy output. The smaller system,
designed for home use, is capable of heating
and producing 3 tons of cooling, while the
system designed for commercial application
provides cooling in 25-ton increments in addi-
tion to providing heat. Further development
effort resulted in a higher efficiency high-
temperature version of the 25-ton chiller for
concentrating collector application and a
power generation module. The power generation
module, based on the 25-ton chiller power unit,
is capable of producing up to 13 KVA. During
the course of the development effort, other
major accomplishments included: full qualifica-
tion of the Lennox collector to the Interim
Performance Criteria; the development of a
residential energy transport module; the
development of a high-performance, low-cost
heat exchanger; and the development of a
Jow-cost collector support structure and
headers. Further work was done in the defini-
tion and testing of several system improve-
ments (including an improved centrifugal
compressor, gear box, and purge system) and the
study of -power generation.

As the prime contractor, Honeywell was
responsible for the solar system design, over-
all program management, and subcontractor
coordination. Barber-Nichols developed the
Rankine-cycle engine used in the 3-ton Rankine-
engine-assisted direct expansion air condi-
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tioner and 25-ton Rankine-engine-assisted water
chiller. Lennox Industries supplied the HVAC
products, purge units, collectors and packaged
the 3-ton Rankine-assisted air conditioner.
Currently, four 3-ton residential systems, two
25-ton multi-family or commercial systems, and
two 50-ton commercial systems are operating in
the fidld. Installation of both the 25-fon
high-temperature system and the power generation
module are currently underway.

.The 3-ton and 25-ton solar heating and
cooling systems are basically similar and include
the following subsystems:

Collection Subsystem which consists of
600—840.square feet (3-ton) or 4,500—5,000
square feet (25-Ton) of water-glycol cooled
flat-plate collectors. A purge coil unit with
fin-tube coil and blower is used to dissipate
excess or unused heat energy from the collectors.

~ Storage Subsystem which utilizes 1,000 gallon
(3-ton) or 3,000--8,000 gallon (25-ton) insulated
steel tanks.

Space-Heating Subsystem which employs solar
heated water through a water-to-air fin-tube coil

-in a conventional hot air furnace, air handler or

fin c¢oil blower.

Domestic Hot Water Preheat Subsystem.

Energy Transport Subsystem (Residential)
which contains the pumps, valvesy, heat exchanger
and hydronic specialities in a sturdy and attrac-
tive steel cabinet (32H x 42L x 26W, 550 1bs.).

Control Subsystem which consists of the solar
control panel, building thermostat, temperature
sensors and valves. Early systems use control
panels utilizing relay logic and later systems
use microprocessor-based programmable controllers
that also provide diagnostics. Small status
panels mounted on the controller door and near
the thermostat provide a visual indication of
system mode and malfunctions.

Rankine-Cycle Air Conditioner System which
employs -a vapor compression chiller driven by a
solar-powered Rankine cycle engine. The Rankine-
cycle engine couples to the chiller compressor
through a double-shafted electric motor that
furnishes power for cooling when there is
insufficient solar energy and also serves as an
electrical generator when there is more solar
energy than that needed for the cooling require-
ments.




The general system schematic is shown in the
attached figure. The Rankine engine cycle is
similar to the vapor compression cycle, with the
Rankine being the reverse of the vapor compression.
Both cycles use halogenated refrigerants for work-
ing fluid; R-113 for the Rankine cycle and R-12
for the chiller cycle.

Operation of the Rankine engine can be
traced by referring to the turnoff valve in the
schematic., Leaving the valve, the high pressure,
high-temperature working fluid enters the turbine
as a vapor. There it expands through the turbine
wheel where the fluid energy is given up to the
high-speed wheel. This energy, in turn, is trans-
mitted through the gear box to reduce the speed to
that suitable for the electric motor and the
chiller compressor. The vaporized working fluid
exhausted from the turbine rotor, still containing
excess energy, is directed into a heat exchanger
called the regenerator. The other side of the
regenerator contains the 1iquid working fluid
going to the boiler.” The regenerator simply
passes energy from one part of the cycle to
another, improéving the efficiency of the cycle.
After the vapor has given up some energy in the
regenerator, it passes to the condenser where it
is cooled and converted to a liquid. This is
accomplished by giving up heat to the cooling
water furnished by a cooling tower or evaporative
condenser. The saturated 1iquid leaves the
condenser where it is pumped to the liquid side of
the regenerator, where it receives the energy
from the turbine exhaust. It then enters the
boiler where it receives heat from the solar fluid.
This energy converts it to a high-pressure,
high-temperature fluid ready to go into the
turbine.

The control system for the unit permits it to
provide the maximum energy output under varying
conditions. Full rated power is reached By the
Rankine-cycle turbine power unit when 195°F.
solar-heated water is available. However, the
unit will deliver lesser am8unts of powgr down to
an input temperature of 150°. With 195" F, solar-
heated water available, the unit will provide the
power to drive the air-conditioning compressor to
full output. The electric motor/generator will
provide whatever additional power is requirsd
when the inlet temperature is less than 195° F. if
full compressor output is required.

During periods of ample solar insolation and
diminished cooling requirements, the excess
turbine power can be used to overdrive the
electric motor, thus generating electricity.

If no cooling requirement is present during
periods of adequate solar energy, the electro-
magnetic clutch between the motor/generator and
the compressor can be disengaged to permit direct
electrical power generation. The generating
mode requires line voltage and frequency excita-
tion, thus assuring a safe condition if there is
a general power outage. Without the air-
conditioning compressor engaged, the commercial
size unit can produce up to 12.8 KW while the
residential unit can produce up to 1.5 KW, less
pump and control power.

During the program, ten solar heating and
cooling systems were designed, fabricated,
installed and put into operation at ten different
sites in nine states.

an average operational collector efficiencg of

Eight sites were equipped with site data
acquisitionsystem. In addition, two heating-only
systems were installed at New Castle, Pennsylvania,
and William 0'Brien, Minnesota. Table 1 is a
summary of the site characteristics.

William O'Brien, Minnesota - SFR Heating Site

This system utilizes 33 collectors (600 square
feet) to provide solar assisted heating to a gas-
fired hot air heating system. The space heat
energy rquirements during the test period amounted
to 73 x 10° Btu. Over the year, 60 million Btu's
were collected, 47 million Btu's were delivered to
storage, 32 million Btu's went to space heating,
and 7.4 million Btu's were contributed to domestic
hot water heating. During the best month (August),
6.8 mitlion Btu's were collected. Analysis of
daily data indicates that the system is function-
ing satisfactorily with a maximum collector rate
of 83,000 Btu's per hour and a peak efficiency of
49 percent.

New Castle, Pennsylvania - SFR Heating Site

This system utilizes 28 roof-mounted collec-
tors (500 square feet) to provide solar assisted
heating in a conventional heat pump and resistive
heating system through a water-to-air coil mounted
in the air handling unit. This system also pgo-
vides solar preheated DHW. A total of 15 x 10
Btu was collected over the 5-month test period
with an average of 35 percent efficiency, with
total energy load and available energy slightly
lTower than expected. The solar contgibution
towards meeting the load was 12 x 10" Btu. This
was 36 percent of the load, slightly lower than
the predicted 40 percent.

Duffield, Virginia - SFR Heating and Cooling
Site

This system utilizes 36-roof-mounted collec-
tors (650 square feet) to provide solar assisted
heating and cooling to an electric forced air
system. The operational test period started
November 1, 1979, and ended October 31, 1980.

The system performed well throughout the 12-month
test period, keeping the house very comfortable.
Final processing of the data is in progress.
Preliminary data for September 1980 indicates

36 percent. The system collected 6,4 x 10° Btu
during September, of which 1.6 x 106 Btu were
used for sclar cooling. The balance of the
collected energy was used to heat domestic hqt
water and generate electricity and sorme was lost.
0f the space cooling load, 43 percent was
supplied by solar energy during September 1980.

Newnan, Georgia - SFRH Heating and Cooling
Site

This system utilizes 39 roof-mounted collec-
tors (700 square feet) to provide solar assisted
heating and cooling to a natural gas-fired
forced air system. This site is equipped with
the microprocessor controller. System installa-
tion was completed in October 1980 and the system
has been operational since that time. During
January 1981, the system collected 7.1 x 106 Btu
with an operational collector efficiency of
34 percent, and 75 percent of the heating load
of 6.8 x 106 Btu was met by solar energy. The
solar heating fraction was higher during February.



The Rankine-cycle air conditioner was made opera-
tional in mid-April and has been generating power
and cooling the house since then.

Lawrenceburg, Tennessee - SFR Heating and
Cooling Site

\ This system utilized 30 roof-mounted Daystar
collectors (630 square feet) to provide solar-
assisted heating and cooling to an electric forced
air system. The system became operational in
August 1979. The system operates satisfactorily
but is not instrumented with a Site Data Acquisi-
tion System for data collector.

Allaire State Park, New Jersey - SFR Heating
and Cooling Site

This system utilizes 40 ground-supported
Daystar collectors (840 square feet) to provide
solar assisted heating and cooling to an oil-
fired forced air system. This system is equipped
with the programmable microprocessor controller.
The system became operational in mid-November
1980. The system has operated well in the heating
mode and will be operated in the cooling mode for
the first time this summer. This system does not
have a Site Data Acquisition System.

University of Kansas, Lawrence, Kansas -
25-Ton MFR Heating and Cooling (Multi-Family)

This system utilizes 252 ground-mounted
collectors (4,700 square feet) to provide solar
assisted heating and cooling through a hydronic
loop to air handlers in twelve apartments. This
system also has an 8,000 gallon storage tank.

The system functioned well during the heating and
cooling seasons. Over the 12-month period
(December 1978 to December 1979), 489 million
Btu's were collected. Of this total, 112 million
Btu's were delivered to space heating, 88 million
Btu's were supplied to domestic hot water and

152 million Btu's were delivered to the Rankine
engine. The Rankine-engine driven air conditioner
supplied 25 million Btu's solar cooling and the
Rankine-driven generator supplied 275 kWhr.
Honeywell has analyzed information from the SDAS
to prepare a performance report. On November 10,
1979, a day chosen for heating season analysis,
solar energy supplied 2.7 MMBtu's of space heat-
ing, with 78 percent of the solar space heating
coming from storage and 22 percent from direct
heating from the collector array. The majority
of the heating load is seen at night when the
system is in the heating from storage mode. The
natural gas savings on this day was 3.9 MMBtu's.
During a selected cooling season day, July 26,
1979, solar energy supplied 24 percent of the
cooling load over the entire day. At peak solar
conditions, the Rankine engine supplied all of
the chiller shaft input power and generated

7.3 kWh.

Ocmulgee, Georgia - 25-Ton Commercial Heating

and Cooling Site

This system utilizes 280 ground-mounted
collectors (4,900 square feet). to provide solar-
assisted cooling and heating through hydronic
air handlers and air units in the Visitor Center
at the Ocmulgee National Monument, Macon, Georgia.
This system has a 4,000 callon storage tank and
provides DHW preheat. The system at this site
has been fully operational since March 25, 1981.

Data is being received and is currently being
analyzed.

Carrollton, Texas - 50-Ton Commercial
. Heating and Cooling Site

This system utilizes 432 ground-mounted
collectors (7,800 square feet) to provide solar
assisted cooling and heating through hydronic
air handlers in the Lennox Industries Research
Laboratory in Carrollton, Texas. This system has
a 6,000 gallon storage tank. The 50-ton capacity
is obtained by operating two 25-ton units, either
in parallel or independently. Analysis of the
site data is underway. The system provided space
cooling and generated electricity, although there
was no heating load during the year-long test
period.

Phoenix, Arizona - 50-Ton Commercial Heating
and Cooling Site

This system uses 456 roof-mounted collectors
(8,200 square feet) to provide solar assisted
heating and cooling for a Salt River Project
electric power company maintenance and warehouse
building near Phoenix, Arizona. This system has
a 2,500 gallon storage tank. A Honeywell designed
and built microprocessor-based tailorable con-
troller was installed to provide the control Togic
and diagnostics. This installation is the last
of the solar operational test sites and incorpo-
rates all of the technical developments, innova-
tions, and experience acquired from the previous
sites. System startup occurred on April 30, 1981.
Site data is presently being analyzed. The data
indicates the system is operating within the
design parameters. :

Other hardware produced includes:

13 KVA Power Generation Module

The 13 KVA. power generation module has been
designed, fabricated, and tested. This unit
used the "25-Ton" Organic Rankine engine and a
generator to feed solar-produced air conditioned
power into the grid. This unit will soon be
installed at the University of New Mexico in
Albuguerque using a field of both flat plate
and evacuated tube collectors. Operation of
this system is expected to start in late summer
1981.

High-Temperature Rankine-Assisted Chiller

The high-temperature, 25-ton Rankine-assist-
ed water chiller represents an extension of the
work that Honeywell, Barber-Nichols Engineering,
and Lennox have completed on low-temperature,
25-ton units and on the company funded high-
temperature, 100-ton chiller units used in the
General Offices system at Honeywell Plaza in
Minneapolis. This program involved primarily
a Barber-Nichols' design, fabrication, test and
delivery of one high-temperature, 25-ton Rankine-
assisted chiller. The unit has been delivered
and is being installed at the Medical Center at
NASA Marshall Space Flight Center, near
Huntsville, Alabama.

Of particular interest is the study completed
in December 1980 of solar power generation. The
report documents a study of light commercial
solar heating systems with and without solar



power generation via a Rankine-cycle engine.
Generally, solar energy costs and system payback
periods were reduced for mass-produced solar energy
systems by the addition of solar power generation
to systems with 1arger collector array areas

(3,000 to 7,000 ft.¢). The precise collector area
for which this holds was found to be a function

of site location and collector type. Overall,

flat plate solar energy systems were found to be
more cost effective than evacuated tube system.

A1l the development team members, Honeywell,
Lennox, and.Barber-Nichols, continue to monitor-
the marketplace for opportunities to commercialize
the hardware, subsystems, and systems developed
on the program. At this time, the flat plate
collectors are in mass production at Lennox and
are being sold in support of HVAC systems nation-
wide. The solar domestic hot water heating system
js a production product with full.marketing sales
distribution. The basic selar residential heating
system and its design application are included in.
the Lennox product offering. The site application
and component selection are now being accomplished '
by Lennox distributors.

The heating and cooling systems involve the
more sophisticated Rankine-driven subsystem and
are not yet in sufficient demand to expand
marketing and production efforts. However, the
team members have stated their intentions to .
pursue additional opportunities for the developed
hardware to increase the size of the market, thus
increasing the sales potential needed to establish
production tooling and fabrication.

CONTRACT INFORMATION

START DATE 7/76 END‘DATE 9/81 CONTRACT VALUE Prior Years - $7.1M;

FY 81 - $500,000

MILESTONES
Item:

Due date:
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GENERAL SYSTEM SCHEMATIC FOR RANKINE-CYCLE AIR-CONDITIONING SYSTEM
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TYPE

FIELD SIZE . A/C SIZE
SITE LOCATION - (SEE LEGEND)  (SQUARE FEET) (TONS)
RESIDENCE WM. O'BRIEN PARK, MN H/DHW 600 --
RESIDENCE NEW CASTLE, PA - H/HOW 500 --
RESIDENCE DUFFIELD, VA H/C/DHW 650 3
RESIDENCE LAHRENCEBURG, TN H/C/DHW 630" 3
STUDENT RESIDENCE KANSAS U, KS H/C/OHM 4700 25
| vIsITOR CENTER OCMULGEE NATIONAL MONUMENT, GA H/C/DHW 4900 25
LENNOX RESEARCH CENTER CARROLLTON, TX H/C 7800 - 50
RESIDENCE - NEWNAN, GA H/C/DHW - 700 3
RESIDENCE ALLATRE PARK, ¥J - H/C/DHW 840 3
SALT RIVER PROJECT PHOENIX, AZ H/C 8200 50
LEGEND: H- = HEATING )
C ' = COOLING

DHW

DOMESTIC HOT WATER

TABLE 1 - SITE CHARACTERISTICS




DETERMINATION OF THE THERMAL STABILITY OF
ORGANIC WORKING FLUIDS USED IN RANKINE CYCLE SYSTEMS

Thermo Electron Corporation

Dr. Dean T. Morgan

DE-AC03-80CS 30220

OBJECTIVE

The determination of the rate of decomposition of
organic working fluids due to either pyrolytic or
chemical reaction phenomenon, or both, as a function
of temperature and the materials in contact with the
fluid, under dynamic conditions simulating the use of
the fluid in Rankine engines for solar cooling applica-
tions.

DESCRIPTION OF WORK

Several prototype systems for active solar cooling
have been constructed, based on solar-heated Rankine
cycle engines utilizing organic working fluids to drive
air-conditioning equipment. These prototype systems
use refrigerants, specifically R-11 and R-113, as
working fluids in the Rankine engine. In future de-
velopments, other working fluids, particularly those
with a higher thermal stability than the refrigerants,
may be used in these systems.

A program objective is the achievement of high
performance by operating at design temperatures that
approach the thermal stability limit of the organic
working fluids. Achievement of high performance is
of particular importance for solar Rankine cooling in
order to reduce the solar collector cost and maximize
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the economic potential of these systems. At the same
time, it is also essential that the systems have a long
life with minimum maintenance requirements for prac-
tical and economic commercial usage.

For the most part, thermal stability properties of
the organic working fluids have been obtained from
prior work as reported in the existing literature,
based primarily on static capsule testing supplemented
in some cases by limited capsule testing by the pro-
totype system developers. Now that prototypes of
several of these Rankine systems have been con-
structed, it is imperative that the long-term thermal
stabilities of the working fluids be demonstrated.

For the results to be meaningful, the fluids must be
tested dynamically for extended periods of time; the
dynamic loop must reasonably simulate conditions ex-
perienced in real Rankine systems; and the fluids
must be exposed to the same materials that will be
encountered in practice.

In this program, five identical dynamic loops will
be constructed and used for the long-term testing of
organic working fluids, of interest for solar Rankine
cooling, under carefully controlled test conditions.
The loop-flow-schematic is illustrated in Figure 1 and
includes all components in an actual Rankine engine
with the exception of the expander which is replaced
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by a variable orifice pressure let-down valve to re-
duce the boiler pressure to the condenser pressure.
The main considerations in the loop design have been:

® High reliability and leak-tightness

® Loop control for long-term stable operation with
a minimum of attention

® Key temperature and pressure measurements

® Materials of construction and loop inventory/
surface area ratios within the range of actual
hardware

An additional design consideration has been capability
for future testing of high-temperature working fluids
(up to 750°F boiler outlet temperature) at boiler
pressures up to 1150 psia, even though the initial
testing is to be concentrated on low-temperature
working fluids.

A key component for long-term operation is the
pump. Because of its reputation for high reliability,
as well as the need for a hermetic pump, a LEWA
Diaphragm Metering Pump (Teflon /carbon diaphragm)
with maximum flow capability of 17 gph was selected.
The boiler is electrically heated and used vapor-
phase heat transfer to the boiler tube carrying the
test fluid (FC-77 heat transfer fluid for the low-
temperature testing). The boiler tube bundle is 44
feet of 0.50 inch o.d. carbon steel tubing arranged
in a serpentine fashion in the vapor space. The pri-
mary material of construction used throughout the
loop is carbon steel. An aluminum tube downstream
of the pressure let-down valve is used to simulate
the aluminum construction expected in the turbine
for commercial systems using low-temperature fluids.
The condenser is water cooled and a liquid reservoir
is provided to provide fluid inventory for liquid sam-
pling throughout a test.

Sampling stations are provided for the circulating
liquid and for vapor above the condenser and samples
will be taken at periodic intervals for measurement of
the fluid degradation. Dr. Vernon Reinhold of Har-
vard University will provide the primary fluid /vapor
chemical analyses using a gas chromatography/mass
spectrometer.

Following discussion with the major system devel-
opers, the following recommendations were made for
the fluids to be tested in the five loops:

Initial Boilea
Outlet Test

Loop Test Temperature
No. Fluid Lubricant? oF

1) R-11 No 275

2 R-11 Yes 250

3 R~113 No 275

4 R=-113 Yes 250

5 R-114 (tentative) No 300

R-11 and R-113 are the fluids used by the major sys-
tem developers. R-114 was recommended as a fluid
with higher thermal stability than either R-11 or
R-113. Loop design point conditions for each fluid
are summarized in Table 1. The estimated loop inter-
nal volume and fluid inventory are summarized in
Table 2 and other pertinent operating characteristics
summarized in Table 3.

The fluid degradation rate for each test condition
will be determined for at least three boiler outlet tem-
peratures. The test program will evaluate the penalty
on temperature limit resulting from use of a lubricant
in the system. Within the limits of the available test
time, the effect of trace quantities of O, and H,O on
the temperature limit will also be evaluated. The loop
testing will be supplemented as required with selected
capsule tests to aid in interpretation of the loop re-
sults.

An additional goal of the program will be to pro-
vide guidance to the system developers on the effects
on the loop of fluid decomposition, in particular for-
mation of noncondensable gases, formation of corro-
sive degradation products, and modification of fluid
properties (particularly the lubricating oil if used).
At the conclusion of the testing, each loop will be dis-
assembled and the internal surfaces inspected. Also,
during the testing, the effectiveness of the dryer
normally used in refrigeration systems in removing
corrosive degradation products will be experimentally
evaluated. While a complete answer to the question of
an acceptable degradation rate will not result from the

TABLE 1
Nm'g::':""" Vapor Temp. After Condensing Liquid Lht;l:l‘ o o EI::'r.l:-..i Heat Loads, Btu/hr Ideal Pump
Fluid Let-Down Vaive S Ib/hr
(°F) To: (°F)*** Power Input Boiler Vapor Condensing Liquid Horsepower
T (°F) [P (psia) T (°F) | P (psia) : GPH | cc/min (kWe) Subcooling Subcooling

R=1}* 300 300.21 230 110 27.75 70 173.9] 14.0 885 5.12 17,460 3180 12,920 1450 0.037

R-113* 300 175.6 270 136 20.0 70 118.8| 9.06| 572 3.41 11,620 2544 7,335 1743 0.014

R-114** 350 304 320 94 41.8 70 187 15.7 991 5.64 19,240 8135 -10,008 1097 0.040

*Saturated vapor cycle
**Superheated vapor cycle
#*+Liquid subcooling to provide 14.5 psi NPSH
###+Let-down valve orifice area approximately same for all fluids at design point



current program, an objective is to provide a rational
and technical basis for use by the system developers
in selecting an acceptable decomposition rate and
operating temperature for their particular system.

TABLE 2
Internal Fluid Mass (grams)
Component Volume

(cm?) R-11 R-113 R-114
Pump @ 11 11 10
Accumulator 100 149 157 143
Line - Pump to Boiler 143 213 225 205
(5-ft length)
Particulate Strainer 7 11 11 10
Boiler Tube (44-ft length) 1260 470 liquid | 495 liquid | 450 liquid

109 vapor 80 vapor | 139 vapor

Line - Boiler to 29 3.4 2.4 3.4

Let-Down Valve
(1-ft length)

Line - Let-Down Valve 29 0.3 0.2 0.4
to Desuperheater
(1-ft length)

Desuperheater 260 2.6 2.2 4.3
Gas Separator 150 1.6 1.5 31
Condenser
Vapor 700 7.5 7.1 14.7
Liquid (Initial) 600 894 942 858
Line - Condenser to Pump 200 298 314 286

Including Subcooler
(7-ft length)

TOTALS 3485 |2170 2248 2127

Commercial Dryer - ~20 cm3 liquid volume (packed with 30 in. 2 of

Activated Alumina, Zeolite)

TABLE 3
R-11 | R-113 | R-114
Inventory Fraction in Vapor Generator 0.27 | 0.26 0.28
Inventory Fraction as High Temperature Vapor | 0.052 | 0.037 | 0.067
Average Boiler Heat Flux, Btulhx'~-ft2 3530 2350 3890
Average Refrigerant Liquid Volume/Boiler
Internal Surface Area, cm”/ft 294 29 200

TECHNICAL ACCOMPLISHMENTS

® Discussions with the major system developers
were held and recommendations for the test pro-
gram developed.

® The loop design has. been completed and the con-
struction of the first loop is in progress.

FUTURE ACTIVITIES

Contract Activities

The first loop should be assembled by early May
for checkout and startup. Early operation of this
loop will permit any required design modifications to
be incorporated in the remaining four loops prior to
their construction. The schedule for startup of the
remaining four loops is:

Loop No. Planned Startup

September 1, 1981
October 1, 1981
October 1, 1981
November 1, 1981

UL W

Post-Contract Activities

An appropriate use of the dynamic loops following
the current contract would be testing of higher-
temperature organic working fluids than the refrig-
erants as well as resolution of any remaining ques-
tions on the low-temperature fluids.

PUBLICATIONS /REPORTS /REFERENCES

No publications on the program have been issued
at present.

CONTRACT INFORMATION

START DATE__Sept. 30, 1980 gND DATE Sept. 30, 1982 CONTRACT VALUE _ $418,244

Item:

1. Detailed Test Plan

2. Summary Reports on Test Results for Each Fluid

3. Final Report

MILESTONES

Due date;

January 1981 (m)

Within 30 Days After Completion
of Tests on That Fluid (p)

September 30, 1982
or Within 30 Days of Completion
of Experimental Program (p)




DESIGN, DEVELOPMENT AND TESTING OF A SOLAR-POWERED TURBOCOMPRESSOR HEAT PUMP SYSTEM

RESEARCH CENTER AND HAMILTON STANDARD DIVISION OF UNITED TECHNOLOGIES

UTRC:

F. R. BIANCARDI, G. MELIKIAN; HSD:

J. W. SITLER

DE-AC03-77CS34510

OBJECTIVE

United Technologies is currently designing,
building and conducting laboratory and field tests
of unique solar-powered heat pumps and solar
cooling systems sized for multifamily residential
and light commercial applications. The heat pumps
and solar chillers are specifically designed to
operate at moderate peak temperatures and to per-
mit efficient air cooling. The basic design data
has been developed under prior NSF/ERDA, and DOE-
sponsored programs in which UTRC demonstrated the
operational feasibility and performance advantages
of Rankine-cycle solar heating and cooling systems.

TURBOCOMPRESSOR CONCEPT

The UTC heat pump (HP) system, shown in
Fig. 1, incorporates a Rankine-cycle power loop
in which a centrifugal turbine is used to drive a
centrifugal compressor in a vapor compression re-
frigeration Toop. The thermal energy to the
power loop is provided at temperatures up to 300 F
(149 C) by a medium-concentration solar collector
array. Auxiliary energy for cooling is provided
by a fossil-fuel-fired furnace. Heating can be
provided by direct solar, direct furnace, or
furnace-driven heat pumping (Fig. 1) of low-temper-
ature solar energy in combination with power loop
heat recovery. The HP is rated at 18 tons for

cooling and approximately 500,000 Btu/hr for heating.

It utilizes Tow-maintenance air-cooled condensers
for heat rejection and conventional HVAC design heat
exchangers and controls. Refrigerant 11, a common
fluorocarbon is used as the working fluid in both
the power and cooling Toops.

Heat pump module

P —
[ D wol $¢

Vap.| | H20
gen.| [cond.

Fig. 1. Heat pump system in heat pump mode.
DESCRIPTION OF WORK AND SUMMARY

The first prototype 18-ton solar-powered
turbocompressor heat pump module has been success-
fully designed, built and tested for more than 250
hr. in a specially-designed laboratory facility at
UTRC (see Fig. 2). Operation in both the cooling
and heat pump mode was demonstrated over a wide
range of building, climatic, and collector/storage
conditions. The design point performance of the
heat pump in both the cooling and heat pump modes
has been confirmed, and performance mapping of the
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module completed. The heat pump demonstrated. the
wide operating range possible (using 200 to 300 F
hot water) and high heat pump mode performance
levels, such as a COP of 1.4 to 2.5 and 500,000
Btu/hr capacity. In cooling, a COP of 0.5 to

0.75 and up to 20 tons was demonstrated. In a
simulation of operation in an actual building,

the heat pump smoothly and accurately followed the

Fig. 2 Heat pump module in UTRC simulation laboratory.

A detailed assessment of the individual module
components was completed and performance, cost and
reliability improvements were identified. No
evidence of R11 decomposition or component wear or
corrosion was found.

The first UTRC heat pump module was modified and
installed in a complete UTRC-desicned (SOLERAS)
solar cooling system for field tests in a Phoenix,
AZ office building. The system installation and
initial test results are briefly described herein.

A second, advanced, higher performance heat
pump module has been designed and is currently
being fabricated at UTRC. This heat pump in-
corporates numerous operating and reliability
improvements identified during the laboratory
and field tests. Still higher performance con-
figurations have been designed and are under
evaluation.

TECHNICAL ACCOMPLISHMENTS

® PERFORMANCE MAPPING. A primary objective of
the 1980 efforts was to conduct extended testing of
the unit to establish performance over the entire
operating range in both the cooling and heat pump
modes. Utilizing the automatic data acquisition
facility in the UTRC heat pump laboratory, data
was recorded for over 2000 data slices taken at
400 sets of water inlet conditions, simulating
various collector/storage tank output, ambient
air and building load conditions. The mapping
was conducted over vapor generator water inlet
temperatures from 200 F to 300 F, evaporator
temperatures from 55 F to 125 F, and condenser in-
let temperatures from 80 F to 125 F.

Figure 3 shows the measured heat pump mode
performance and the extremely wide range of out-
put capacities provided by the heat pump. Good




agreement between test and predicted values of
performance and capacity was found for both the
cooling and heat pump operating modes.
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Fig. 3. Measured heat pump mode performance.

® FULL-DAY SIMULATIONS. The heat pump was
also run over a range of conditions to simulate
operation in an actual building. The boundary
conditions for operating the system in the solar
cooling mode for an office building located in
New York were provided by the UTRC-modified
TRNSYS computer program. The hot water storage
tank temperature was varied from 275 F to 220 F
representing the continual extraction of energy
from hot storage. Ambient temperature for the
day followed a typical pattern with a night Tow
of approximately 75 F and a mid-day peak of
89 F. Typical results of the full-day simula-
tion tests are shown in Fig. 4 where the solar
cooling mode output profile is compared with the
TRNSYS predicted building Toads. Cooling pro-
duced ranged from 4 to 17 tons and a peak COP of
of 0.75 was attained. During morning operation
at lower ambient temperatures, the module output
exceeded the instantaneous demand. Therefore,
solar cooling was turned off as room temperature
was allowed to increase into the allowable range.
The integrated water-side cooling output was 96

percent of that required by the building. The
pertinent results are summarized below.
18r
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Fig. 4. Typical full day system operation.

@ ENDURANCE TESTING AND COMPONENT ASSESSMENTS.

Sufficient instrumentation was incorporated in the
heat pump components so that detailed assessments
of component performance, wear, and durability
could be made continuously. In addition, the
major module components, i.e., heat exchangers,
turbocompressor and valving were disassembled

and inspected after the endurance testing was
completed. After 250 hrs of testing, the turbo-
compressor condition was essentially as "new"
(Fig. 5). A1l of the major components were
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found to be in extremely good condition, except
for the water-cooled condensers which exper-
jenced water-side fouling due to the use of un-
treated city-water. Chemical tests and visual
inspection of the R11 working fluid showed no
sign of decomposition even though much of the
testing was at elevated temperatures (280-290 F).
This can be attributed to careful material
selection and elimination of oil from the power
loop. The data gathered during this testing
was used as input for the design and fabri-
cation of the advanced heat pump module.

’
s
)

Lead seal " Rotor
Fig. 5. Turbine elements after testing.

@ SOLERAS SYSTEM. The first UTRC heat
pump moduTe was modified for the joint DOE/
Saudi Arabian SOLERAS solar cooling field test
program, in which SERI is the operating agent.
These modifications included replacement of the
water-cooled condensers with R11-to-air con-
densers, addition of a purge unit and unique
microprocessor control and data acquisition
systems. ;

In the SOLERAS program, the UTRC solar
turbocompressor chiller module provides
approximately 75 percent of the cooling in
the headquarters office building of the
Hamilton Test Systems, located in Phoenix,
Arizona.

® Design and Analysis. Extensive
modeling of the building Toad, ambient con-
ditions, and system components such as the
chiller, collectors, storage tanks and
building fan-coils was used in the design of
the SOLERAS solar cooling system. Tradeoff
analyses (Fig. 6) were used tg optimize the
co]]egtor array size (1316 ft¢ net area or
75 ft</ton of cooling). Similar analyses were
used to optimize the cold tank (2000 gal) and
hot tank (1500 gal) capacities.

" On off control —« 2
2 80F Setback
4 thermostats
é 60— Simulation period
3 & One month (July)
= D Total year (TMY)
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(1]
® Trackin
g 200 2.rows 3-rows | trough
[} [} collectors
0 L L J
0 1000 2000 3000
Collector net aperture area, 112
Fig. 6. Collector area optimization.



® Fabrication & Installation. The installa-
tion of the parabolic trough collectors on a car-
port at the rear of the HTS headquarters is shown
in Fig. 7. The chiller is located in a separate
equipment room in the carport and hot and cold
tanks are buried. Chilled water is delivered to
three ceiling-mounted fan-coils. Installation was
initiated in December 1980 and the entire system
installation was completed by the end of February,
1981.

Fig. 7. UTRC solar cooling installation.

® Checkout and Acceptance Tests. Highly
successful component and system checkout tests
were begun in March and the system was delivering
up to 20 tons of cooling in.April 1981. Typical
results obtained during the acceptance tests are
shown in Fig. 8 over the course of a day. Early in
the day when tank water levels are about 300 F, the
UTC system provides about 18 to 21 tons of cooling,
about half of which is stored in the cold tank and
the remainder delivered to the building fan coils.
Although the collector continuously collects about
15 tons (200,000 Btu/hr) of energy, the hot water
temperature and thus, chiller output falls off
during the day. The system COP has varied from
0.55 to about 0.75.

® ADVANCED HEAT PUMP DESIGN COMPLETED. UTRC
and HSD are currently fabricating and assembling
an advanced solar-powered heat pump module with
higher cooling mode performance capability and
Tower cost features which were identified as a re-
sult of laboratory and field testing. Another

unitary heat pump configuration with a cooling mode

design point COP of 0.8 is also under evaluation
and optimization.

Date: 4-1-81
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Fig. 8. Solar cooling system test performance.

FUTURE ACTIVITIES

® Contract Activities. Module design and
assembly of the advanced heat pump is continuiny
under the current proyram prior to subsequent
laboratory testing in the UTRC facility. Field
testing of the SOLERAS system will continue for
two and, possibly, three complete cooling
seasons.

® Post Contract Activities. Additional field
test sites and adaptations of the system concept
to other sizes and applications are being explored.
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CONTRACT INFORMATION

START DATE_Sept. 1, 1977

END DATE Sept 30, 1982 CONTRACT VALUE

$1,672,550

MILESTONES

Item:

1. Extended Testing Complete

2. Component Specification for MOD 2
3. T/C Manufacture and Assembly

4. Assemble Advanced HP Module

5. Interim Report

Due date:

September 1980 (m)
January 1981 (m)
September 1981 (p)
October 1981 (p)

December 1981
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Section 2: ABSORPTION SOLAR COOLING SYSTEMS




Overview of Active Solar Absorpfion/Rankine Cooling Program¥

Lawrence Berkeley Laboratory
. University of California
Berkeley, CA 94720

Michael Wahlig, Al Heitz*, Harry Angerman*, Ron Glas, Mashuri Warren

OBJECTIVE

The overall objective of the DOE active solar
"cooling program is to develop the basic solar cool-
ing technology that industry can draw upon to
engineer and produce solar cooling systems that
will compete favorably with conventional cooling
systems. By taking responsibility for the high-
risk early research and development stages that
private industry cannot,K yet justify undertaking,
DOE will tay the foundation for technically sound
solar cooling systems that the private. sector can
commercialize when market conditions are suitable.:

BACKGROUND

A number of specific major objectives have
been identified as necessary to achieve the overall
objective. To meet these major objectives, a
number of projects are being supported in both the
absorption and the Rankine cooling areas. The

- correspondence between the individual projects and
the major objectives is shown in Figure 1 for the
absorption program and in Figure 2 for the Rankine
program. Brief descriptions of the technical con-
tent of each project are given below in the Techni-
cal Accomplishments section. This. paper is an
update of the review of project activities that was
reported at the Mach 1980 Annual DOE Active Solar
Heating and Cooling Contractors Review Meeting[1].
This information covers the period March 1980 to
May 1981.

¥ This work nas been supported by the Assis~
tant Secretary for Conservation and Renewable
Energy, Office of Solar Applications for
Buildings, Active Heating and Cuoling Division
of the U.S. Department of Energy .under Con-
tract No. W-7405-ENG-48.

* Employees of Keller & Gannon
of Lester B: Knight Assonciates,

a subsidiary
nc.

(1)
)
(2)
(2)
(2)

Figure 1. Absorption Cooling Program

CONTPACTORS MAJOR OBUECTIVES

ARKLA Improve Efficiency
CARRIER Improve Fabricatfon Techniques
CARRIER/BPA Subsystem Integration
CARRIER/NASA Eliminate Cooling Tower

Field Operation Experience

CARRIER/SOLERAS

(3) UNIVERSITY OF TEXAS Advanced Cycle Development
(1) 8L Advanced Materials Research
(3) SRI Performance Mapping
(2) csu .
Figure 2. Rankine Cooling Program
CONTRACTORS MAJOR OBJECTIVES
(5) CARRIER
Improve Efficiency
(5) UTRC
" Component Testing
(6) UTRC/SOLERAS.
Performance Mapping
(5) U. of PENN
" Advanced Cycle Development
(5) ETI
Reliability Testing
(5) I}DNEYHELL
Field Operation Experience
(6) HONEYWELL/SOLERAS
/ Advanced Materfal Research
(7) THERMO ELECTRON
SUMMARY
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The tasks being performed in the absorption
and Rankine program areas run the gamut from basic
work on fluids to development of chillers and
chiller components, to field and reliability test-
ing of complete prototype cooling systems. In the
absorption program there are three active component
development projects (1), four systems field test
projects (2), one advanced fluid study project (3),
and one advanced cycle study project (4) currently
funded by DOE. In the Rankine prugram, there are
five active component development projects (5),.two
system field test projects (6), and one advanced
fluid study project (7). (The numbers in
parentheses are keyed to the contractors listed in
Figures 1 and 2.)

Several of the solar cooling projects are
managed by NASA/MSFC (Marshall Space Flight Center,
Huntsville, Alabama): the Carrier/NASA absorption
projects and the Honeywell Rankine project. The



Honeywell project is a continuation of the earlier
NASA/MSFC "404" program; two other 404 projects, by
AiResearch and General Electric, have now been com-
pleted.

Some of the DOE solar cooling projects
reported in last year's Overview[l] have also been
completed since then, and several others are in the
final report stage. Those completed are: an ear-
lier ARKLA absorption project (Contract No. ACO3-
76SF-10507, Development of Third-Generation Three
Ton L1th1un Bromide-Water Absorption Chiller), the
Brookhaven National Laboratory project (Contract
No. C-02-0016, Development and Use of a Simulator
to Test Solar Cooling Subsystems), and the EIC Cor-
poration project (Contract No. AC03-77CS-34537,
Design of a Solar Air Conditioner Using Solid Phase
Absorbent-Chemical Heat Pump). The projects in the
final report phase are those by Southern Research
Institute (Contract No. AC03-77CS-31586, Analysis
of Advanced Conceptual Absorption Ch1]1er Designs)
and the Institute of Gas Technology (Contract No.
AC03-77CS-31439, Development of New Fluids for
Solar Absorption Cooling). None of these projects
will be included in the detailed descriptions given
in the following section.

Three new projects have been started during
the past year and will be reported on here: Deter-
mination of Properties of Fluids for Solar Applica-
tions, by SRI International; Fabrication and
Installation at Field Test Sites of 120-ton and
75-ton Absorption Chillers, by Carrier Corporation
(NASA/MSFC contracts); and Determination of the
‘Thermal Stability of Organic Working Fluids Used in
Rankine Cycle Systems, by Thermo Electron. In
addition, much of the ongoing systems test work at
Colorado State University 1is an integral part of
the active solar cooling program and that effort
will be reported here also.

A joint US/Saudi Arabian effort has contri-
buted to the development of Rankine and absorption
solar cooling systems. Four projects have been
funded by this (SOLERAS) activity, all to be
installed and operated in Phoenix, Arizona. Each
manufacturer has contributed some private money in
‘addition to the 50/50 share by the U.S. and Saudi
Arabia. Table 1 summarizes these projects.

Table 1
U.5./SAUDI ARABIAN PROJECTS (SOLERAS PROGRAM)

CONTRACTOR CY{{E?C%{EEC%ORS CAPAE??%[T$0NS[
UTRC RANKINE/TROUGK TRACKING 18

HONEYWELL RANKINE/EVACUATED TUBE 25
CARRIER ABSORPTION (WATER COOLED)/TROUGH TRACKING 15
CARRIER ABSORPTION (AIR COOLED)/FRESNEL DUAL 10

TRACKING

Some technical highlights of the are

presented in Table 2.

program
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Table 2
TECHNICAL HIGHLIGHTS
CONTRACTORS ACCOMPLISHMENTS

Continued successful field operation
in Lawrence, Kansas and other locations.

o  HONEYWELL (RANKINE}

Prototype unit converted to afr cooled
operation, with successful start-up
in Phoenix SOLERAS test project.

o UTRC (RANKINE)

o U. of TEXAS (ABSORPTION) Identification of potential for
substantial technfcal performance
improvements through development and
use of computer models of double-
effect absorption chillers,

TECHNICAL ACCOMPLISHMENTS

The individual absorption and Rankine projects
are identified in this section, along with the main
features and accomplishments/status of each.

ABSORPTION PROJECTS
Contractor: ARKLA

Contract No.: AC03-77CS-34593

Project Develop and test unitary 3-ton and 25-
ton LiBr/H,0 absorption cooling sys-
tems. Develop and test double effect,
gas fired auxiliary absorption unit.

Features: Unitary package; fuel aux; manufactur-

ing study; application and maintenance
manuals; tooling improvements; 1lab
reliability testing. Gas fired double
effect absorption unit provides highly
efficient CuP (1.0) on non-solar opera-
tion.

Accomplishments:

e Two field test installations have been
completed and performance predictions
verified.

e 25-ton unitized packaged chiller has-
been lab tested and prepared for field
installation scheduled for Building 71
at Lawrence Berkeley Laboratory.

e Tooling has been developed to produce
absorber and condenser heat exchangers
at reduced cost.

Future Plans:
e Complete design of double effect gas
fired auxiliary absorption unit; fabri-
cate and test.

e Assist in field test of 3-ton system at
CSU and 25-ton system at LBL.

e Complete laboratory reliability testing
of 3rd generation 3-ton units.

»

Contractor: Carrier Corporation-

Contract No.: AC03-77CS-51%87



Development of air cooled absorption

‘Project:
chillers.
Features: Air cooled; 120° C - 130° C input tem-

perature; falling film approach using
additives; manufacturing study and
market evaluation. .

Accomplishments:

e Prototype #1, a 10KW air cooled uni-
tized package chiller has been fabri-
cated; performance testing is in pro-
gress.

Future Plans:

o Improve design of 10KW absorption
chiller; fabricate and test three 10KW
units.

o Design, fabricate and test a 70 KW
absorption chiller.’

Contractor: Carrier Corporation/BPA

Contract No.: AC79-798P-10467

Project: Fabricate two 15-ton unitized absorp-
tion chillers and install. them at two
field sites: Dalles, Oregon and Tyler,
Texas.

Features: Water cooled, LiBr chillers; packaged;

on-site testing; personnel training.
Accomplishments:

o Tyler, Texas and Da]]es, Oregon instal-
Jations have been successfully operated
for a full cooling season.

Future Plans:

e The Tyler, Texas installation will con-
tinue to be operated during the summer
of 1981 to obtain additional data on
field test performance.

Contractor;' Carrier Corporation/NASA

Contract No.: DEN 8-000005 & DEN 8-000015
Fabricate one 120-ton absorption unit
to be installed at Frenchman's Reef,
V.I. and two 75-ton absorption units to
be installed at Houston and Las Vegas
sites. Field test systems at each
site. -

Project:

Features: Water cooled; LiBr chillers; packaged;

on-site testing; personnel training.
Accomplishments:
s Frenchmen's Reef chiller has been

fabricated -and shipped to the site for
installation.

Future Plans:

e Las Vegas and Houston installations are
planned for completion in 1982.

Contractor: Carrier Corporation/SOLERAS

Contract No.: DE-FCO3-80ET 20643

fabricate, install,

Project: Design, and field
test two active solar coo]1ng systems
using absorption chillers.

Features:  System #1, 15-ton water-cooled absorp-

tion chiller and trough tracking col-
lectors (Acurex).

System #2, 10-ton air-cooled absorption
chiller and Fresnel dual tracking col-
lectors (E-Systems).

Accomplishments

e The 15-ton water cooled system has been
installed and operated at Phoenix test
site. Debugging is presently underway.

e The 10-ton air cooled system is com-
plete except for final placement of the
chiller. The absorption unit is under-
going extensive lab tests at the Car-
rier facility in Syracuse, N.Y.

Future Plans:
e Both systems will be field tested and

the data will be used in the active
solar cooling program.

Contractor; University of Texas at Austin

Contract No.: DE-AC03-79SF 10540

Project: Analysis of double effect absorption
cooling system
Features: Determine performance as a function of

many parameters, including inlet water,
cooling water and chilled water tem-
peratures, location and size of heat
exchangers; LiBr/H20 pair.

Accomplishments:

e Computer model has been successfully
developed to simulate operating perfor-
mance of double-effect absorption
cycles.

e Final report has been completed.
Future Plans

o Apply the computer model developed for
double-effect absorption chillers to
investigate control schemes, parasitic
power requirements, and heat exchanger
optimization relative to system perfor-
mance.



Contractor:

Contract No.:

Project:

Features:

Assist
model.

industry in using computer

Lawrence Berkeley Laboratory

W-7405-ENG-48

Development of advanced-cycle absorp-
tion chillers.

Air-cooled; internally powered solution

tube-in-tube heat exchangers;
chiller w1th 3 ton capa-
city at 218"F using NH,/H,0; advanced
cycles with COP incred 1n with tem-
perature; heat pump operation also.

pump;
sing]e—effecg

Accomplishments:

Early testing of single effect chiller
verified the condenser, generator,
preheater and recuperative solution
pump are operating according to design.

Design drawings have been completed and
fabrication is underway for -the
double-effect regenerative absorption
chiller.

" Future Plans:

Contractor:

‘Contract No.:

Project:

Features:

Detailed testing will conclude on the
single-effect chj]]er.

Fabrication will be completed, followed
by testing of the double-effect regen-
erative absorption chiller.

Cycle analysis of the single-effect
regenerative absorption chiller will
incorporate the results of the SRI
measurements of fluids' properties.

SRI International ’
DE-AC03-80CS 30221

Determine pressure-volume-temperature
(P-V-T) data and calorimetric data for
organic refrigerant and absorbent
fluids and their binary mixtures.

Conduct a critical survey of thermo-
dynamic "data on absorption fluids and
fluid pairs and measure properties of
selected fluids and their mixtures.

Accompl ishments:

Literature search has been completed
and findings documented.

Experimental measurements of the pro-
perties of the fluids are underway.

Future Plans:

In-depth experiments will be conducted
and- the data will be analyzed on
selected absorption fluids and fluid

pairs. 2.4

"Contract No.:

Contractor: Colorado State University

Contract No.: DE-AC03-81CS 30569

Test and evaluate complete solar cool-
ing systems 1ncorporat1ng absorption
chillers, both air and liquid cooled,

us1ng CSU Solar Houses I and I11.

Project:

The CSU Solar Houses contain collec-
tors, storage, chillers, pumps, piping
and controls, all fully instrumented
for collecting test data. The test
systems are scheduled to operate with
an ARKLA evaporatively cooled 3-ton
chiller and a Carrier air cooled 3-ton
chiller.

Features:

Accompl ishments:
o Instrumentation is in place and pro-
grammable controllers are being
installed in the Solar Houses.

e Philips Mark I heat pipe evacuated tube

collectors have been installed and
operated on Solar House I.
e The ARKLA. 3rd generation unit was

installed in Solar House I and operated
briefly at the end of the 1980 cooling
season.

Future Plans:

e Extensive testing will be done on tﬁe

ARKLA 3rd generation chiller using
Solar House I during. summer 1981.
e Evacuated tube collectors will be

selected and installed on Solar House
II1 during 1981. :

e The Carrier air cooled 3-ton absorption
chiller will be installed in Solar
House IIl and operated dur1ng the sum-
mer of 1982,

Contractpf: University of Maryland

DE ACO3-79CS 30204

Project: Technical program support and special
studies.

Features: General program support activities;
optimization studies and parametric
analysis.

Accomplishments:

o Report on refrigerant/absorbent pairs
completed.

e Transient- simulation of absorption
cycles completed and compared favorably
to exper1menta1 data.



Project: Development of a superheated steam
Rankine turbine.
Features: Solar-boiled water at 3000F; fuel-

superheated to 10000F; 4 stage, 75,000
RPM radial outflow turbine; nominal 30
ton.

Accomplishments:

e Laboratory testing of turbine has been
completed: successfully.

o Final report has been completed.
Future Plans:

o Project completed.

Contractor: Honeywell

Contract No.: NAS8-32093

Project: Development of Rankine cycle chillers
and field installation for testing.

Features: 3-ton and 25-ton Rankine chiller
design; water-cooled; R-113 power cycle
loop; R-12 refrigerant cycle 1loop;

radial inflow turbine, 40,000 RPM; dou-
ble reduction gear box to 1200 RPM;

reciprocating compressor (centrifugal
compressor optional); motor/generator
auxiliary.
Accomp11shments
° F1e1d test sites continue to be

operated successfully and monitored.

e High temperature Rankine unit fabri-
cated and installed at NASA/MSFC.

Future Plans:

e Further technology development to
improve efficiency of chiller and cool-
ing system.

. Continued monitoring of operational
test sites.
. 6ontractor: Honeywe11/SOLERAS

Contract No.: * DF-FE02-80ET 20645

Project: Design, fabricate, install and field
test 25-ton Rankine cycle cooling sys-
tem.

Features: Air-cooled; 3000F; R-113 power cycle
loop, R-12 refrigerant cycle 1loop;

radial inflow turbine, 40,000 RPM; dou-
ble reduction gearbox to 1200 RPM;
reciprocating compressor;
motor/generator auxiliary. :

Accomplishments:
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. Com onents have been fabricated and
/ system installed at Phoenix site.

Operating tests are presently underway.
Future Plans:'

e Continue field operating tests for two
cooling seasons.

Contractor: Thermo Electron Corporation

Contract No.: DE-AC03-80CS 30220

Conduct thermal

Project.: stability tests on
fluids used in Rankine cycle systems.
Features: Five identical dynamic test loop to be

constructed to test decomposition of
organic working fluids as a function of
temperature and the materials in con-
tact with the fluid.

Accomplishments:

e Loop designs are completed and con-
© struction underway.

e R-11 and R-113 selected as fluids to be
tested in four of the loops.

Future Plans:

-9 Carry out dynamic thermal

stability
tests of fluids in 5 loops.

o Conduct supplemental capsule tests. .

Contractor: Hittman Associates, Inc. (HAI)

Contract No.: DE-AC03-79CS 30202

Project: Technical program support and special
studies. ’

Features: General program support. activities;
special system, componant and economic

analyses.
Accomplishments:
¢ Thermal storage for solar Rankine and
absorption cooling systems report com-
pleted.

e Performance test plans completed for
Rankine and desiccant cooling equip--

ment.

¢ Hybrid solar/fossil Rankine cooling
conceptual study completed and report
written. -

o High temperature solar cooling toplcal
report completed.

o Preliminary plan for testing of cooling
system control strategies was
developed.



o Simplified cooling désign charts
) developed on a regional basis, and con-
pared to detailed simulation.

e Parametric studies of PV/T systems have
identified performance sensitivities to
collector area,. storage capacity and
other parameters. :

Future Plans

e Technical support activities will con-
tinue.

e The cooling design charts and PVT
analysis will be completed during the
next. year.

RANKINE PROJECTS

Carrier Corporation

DE-AC03-77CS 31590

Contractor:

Contract No.:
Project:

Air-cooled; R-113 in both loops; 290°F;
20,000 RPM turbine directly driving
compressor; electric motor shares the
load. -

Features:

Accomplisments:

e Turbo-compressor assembly has passed

the air test and is under R-113 test on
prototype. )

e Two stage boiler feed pump has been
fabricated and successfully tested.

Future Plans:

e Operate T/C assembly to design condi-
tions and determine performance map of
the chiller.

e Continue development of chiller to
include air cooled condensing coils and
microprocessor based control system.

Contractor: United Technologies Research Center

(UTRC)
Contract No.:DE-AC03-77CS 34510

Project: Development of 18-ton Rankine heat
pump. :
Features: Air Cooled; R-11 in both loops; 290°F;

45,000 RPM turbo compressor; fossil
fuel auxiliary; both heating and cool-
ing opera;ion.

Accomplishments:

e Endurance testing and component assess-
ment has been completed.

Development of 25-ton Rankine chiller.

e Advanced heat pump design has been com-
pleted to improve operating efficiency
and reduce fabrication cost.

Future Plans:

¢ Fabrication and testing of- advanced
heat pump design.

Contracfor: United

Technologies Research
Center/SOLERAS
Contract No.: DE-FC02-80ET 20642
Project: Design, fabricate, install and field
test a Rankine cycle solar cooling sys-
tem.
Features: 18-ton Rankine cycle heat pump; air-

cooled; R-11 in both Tloops; 290°F;
45,000 RPM turbo-compressor; fossil
fuel auxiliary; trough tracking collec-
tors.

Accompl ishments:
¢ Prototype unit converted to air-cooled
.operation with successful start-up in
Phoenix SOLERAS test project.

Future Plans:

o Field testing of SOLERAS system through
two cooling seasons.

Contractor: University of Pennsylvania

Contract No.: ACO3-78ET-20110

Project: Development of 20-ton superheated steam
Rankine chiller. ‘
Features: Solar-boiled water at 260°F; fuel-

superheated to 11009F; 5 stage, 15,000
RPM radial outflow turbine and rotary
expander design; stored water flashes
to steam.

Accomplishments:

e - Fabrication of turbine assembly is
being completed and test loop is under
construction.

Future Plans:
e Performance map of turbine will. be

measured using the steam power loop.
/

- Contractor:. Energy Technology, Inc. (ETI)

Contract No.: AC03-80CS-30214



Future Plans:

o Technical support activities and spe-
cial studies will continue.
SYSTEM ANALYSIS PROJECTS
Contractor: Science Applications, Inc. (SAI)

Contract No.: XB-0-9145-1

Project: Performance and economic analyses of
absorption and Rankine cooling systenms.
Features: Develop computer programs to evaluate

system performance and economics for
residential and commercial active solar
cooling systems; selected cities used.

Accomplishments:

o Completed detailed system modeling of
25-ton absorption and Rankine chillers.

e Annual system simulations and economic

analyses completed for four cities.

Future Plans:

e Continued system evaluation for addi-
tional locations and system configura-
tions.

In addition to the activities in the above
contracts, extensive planning efforts are underway
for long-range development efforts in the active
solar cooling program. An important function for
this planning effort was the active solar cooling
workshop attended by representatives from the solar
and HVAC industry, utilities and local govermment,
financial and marketing organizations, and the
architecture and engineering fields. The workshop
concentrated on four major topics: (1) technical,
(2) financial, (3) codes and standards, and (4)
marketing aspects of active solar cooling. The
response from the 28 attendees provided a data base
for follow-on presentations that will further con-
tribute to DOE's planning efforts.

FUTURE ACTIVITIES

From a technical point of view, the Rankine
and absorption projects have progressed from the
very early design and development stage to operat-
ing prototypes undergoing performance evaluations.
" Operation of many of the early prototypes have
identified key areas of concerns for Rankine units
such as optimized system control, bearing design
and cooling schemes, hack-up system alternatives,
and heat exchanger designs. For the absorption
systems, concerns are fluid flow design in the
absorber section, heat exchanger optimization, con-
trol functions, and parasitic power reduction.
Common concerns for both systems are cost reduc-
tion, collector and storage selection criteria, and
fluid stability at high tempertures. The future
activilies of the active solar cooling program will
address these key concerns.

In the past year, substantial progress has
been made identifying quantitative program guals.

A method of system analysis has been developed to
provide values of cost and performance goals, using
computer simulation models and results of market
analysis. This effort is continuing.

It is expected that further development in the
absorption and Rankine cooling technologies will
ensue as a result of competitive solicitations for
a@vancgd cooling systems and components. In addi-
tion, it is planned to conduct systems engineering
of developed components Tleading to design and
application manuals that will be available for use
by A& firms and the HVAC industry.

REFERENCES

[1]1 Michael Wahlig, A1, Heitz, and Barbara Boyce,
“Overview - Absorption/Rankine Solar Cooling Prog-
gram," Proc. Annual DOE Active Solar Heating and
Cooling Contractors' Review Meeting, March 26-28,

198Q.



UNITARY SOLAR HEATING/COOLING SYSTEM PACKAGE DEVELOPMENT

ARKLA INDUSTRIES INC.

RICHARD H. MERRICK

DE-AC03-77CS-34593

OBJECTIVE

To develop 3 ton residential and 25 ton com-
mercial unitary solar heating and cooling system
hardware and software; to develop an evaporatively
cooled 3 ton lithium bromide water absorption chil-
ler and establish its reliability and manufactura-
bility; to add a double effect, gas fired auxiliary
mode of operation to the evaporatively cooled chil-
ler creating a dual solar/gas unit.

DESCRIPTION OF WORK

Applying the unitary system approach to solar
heating and cooling will reduce hardware installed
cost and maximize reliability and efficiency. Siz-
ing and installation software keyed to specific
hardware is more accurate and easier to use in the
field.

The evaporatively cooled chiller concept is
an advance over conventional tower cooled equip-
ment. Elimination of the separate cooling tower
reduces first cost, installation cost and parasitic
power. Water scaling and freezing will be managed
to achieve a maintenance level approaching that of
air cooled systems.

The double effect, gas fired auxiliary mode
will provide high efficiency (fuel based COP = 1)
during non-solar operation. Solar cooling equip-
ment that matches conventional cooling equipment
in the non-solar mode can credit all its solar
operation to energy savings. This feature in-
creases in importance as the solar fraction re-
duces.

TECHNICAL ACCOMPLISHMENTS

e Commercialization of a 3 ton solar package has
been achieved. Two of these systems are oper-
ating in Evansville, a retrofit home for 2
years and a new home for 3 years. Operation
has led to system improvements and cost reduc-
tions of this product.

@ An application manual has been prepared covering
all aspects of a complete solar system for
heating, cooling and domestic hot water as
well as collector array sizing and orientation
for the PWF-36 unitized package.

® As a result of operating the collection systems
at the two houses, a predictive model for the
amount of actually delivered solar energy has
evolved, Figure 1.
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Figure 1 Deliverable Solar Energy

® A 25 ton unitized packaged, Figure 2, has been
developed and successfully tested. This sys-
tem will be slightly modified prior to field
testing at the LBL on year-round conditioning
duty.

Figure 2 25 Ton Unitized Package




e Two evaporatively cooled units have been in-
stalled at field sites. One unit has been oper-
ational at the retrofit house as part of the
PWF-36 unitary package. The other unit was in-
stalled late last summer (1980) at Colorado
State University at Fort Collins to gain field
experience in a low wet bulb climate. Figure 3
is a comparison of the 3 ton evaporatively
cooled unit and the WF-36 chiller with its re-
quired cooling tower and pump.

A reliable vendor developed permanent magnet
drive solution pump has been undergoing life
test and actual operational evaluation as a part
of the evaporatively cooled field units plus two
life/scale test-chillers in the Arkla lab.

A detailed production study has verified the
manufacturability of the evaporatively cooled
unit. -

Figure 3 Three Ton Evaporative Chiller vs Tower Cooled WF36 Chiller

The base agea of the evaporatively cooled unit
is 9.75 ft . The base area gf the WF-36 plus
the cooling tower is 15.5 ft~. Fewer field pipe
connections are required. Parasitic power con-
sumption of the evap. cooled unit is 450 watts
vs about 1000 for the WF-36 with a cooling
tuwer. ‘LThe parasaitic power of g double effect
chiller ehonld be less than a single due 10 less
heat rejection although a larger soluriou pump
motor is required.

e Operation of the two residential system's chil-
lers has led to lLuprovements in the commercial
product chiller, WF3h, especially contrnls,
seasuonal COP and, potentially, inetantaneous
COP at reduced firing temperatures through para-
1llel condensing water flow without increasing
system parasitic power.

e The 1250 gallon underground storage tank at the
reLrofit house has not shown any insulation de-
terioration aver the 2 years of operation. The
actual lnases from an in-residence tank, such
a8 a lLascment lnration, cau add substanlial load
to the chiller equivaleul to an hour ot oper-
ating time each day, even in mild weather.
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Temporary tooling from the barrel industry has
been developed, built, and successfully used to
produce 7 different corrugated heat transfer
shells for the evaporatively cooled unit. Fig-
ure 4 shows this equipment set up at Arkla.

Figure 4 Corrugalliug Cquipment



e A thermal analysis of an evaporatively cooled
double effect cycle has been completed. This
analysis shows a COP 2 1 on a fuel basis can
be. achieved without compromising the .72 COP
operating in the solar mode, see Figure 5.

W

CONN'S.

SOLUTION
PUMP

Figure 5 Solar/Gas Chiller Schematic

Concepts have been evaluated and the actual de-
sign phase of breadboard components is in pro-
cess. The prototype high temperature solution
heat exchanger is being tested. Fabrication

of the combination solar generator/2nd effect
generator/lst effect condenser is underway.

SEPA_EATOR

FUTURE ACTIVITIES

Marketing the 25 ton commercial package is
a possibility pending successful results with the
LBL field test.

Assuming favorable results from the prelimin-
ary work funded for the double effect solar/gas
chiller, we are proposing additional funding to
complete this development. Continuing with life
and field testing of the existing single effect
units would also be part of this work. Specifi-
cally, more work must be done to develop a satis-
factory protective coating. Some of the existing
materials have failed and others are marginal.
Although galvanizing can be effective, it is
relatively expensive.

PUBLICATIONS/REPORTS/REFERENCES

Merrick, Richard H., "Unitary Solar Heating/
Cooling System Package Development" proceedings of
3rd annual Solar Heating and Cooling Research and
Development Branch Contractors' Meeting, Washington
D. C., September 24 - 27, 1978 p 271 - 275.

Merrick, Richard H., "Unitary Solar Heating/
Cooling System Package Development" proceedings of
the annual DOE Active Solar Heating and Cooling
Contractors' Review Meeting, March 26 - 28, 1980,
P. 2~-5to 2 - 8.

CONTRACT INFURMATION

STARTDATE__06/77 END DATE 12/81 CONTRACT VALUE $1,304,488
MILESTONES
Item: Due date:
1. 3 Ton Unitary Package for Solar Heating/Cooling/DHW (with November, 1977
natural gas back-up) (completed)
2. Complete Application Manual (Residential) March, 1979
(cumpleted)
3. 25 Ton Packaged System May, 1980
(completed)
4. Two Chillers "Off" temporary mfg. eqmt. March, 1981
(1 unit completed)
5. Operational Breadboard Double Effect/Selar Unit December, 1981
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AIR COOLED ABSORPTION CHILLERS FOR SOLAR COOLING APPLICATIONS

ENERGY SYSTEMS DIVISION, CARRIER CORPORATION

DR. WENDELL J. BIERMANN, ROBERT REIMANN

EG-77-C-03-1587

OBJECTIVES

The purpose of this program is to identify the
chemical composition of a "best" absorption-
refrigerant system, capable of being air cooled to
determine those properties of the system necessary
to design hot water operated, air cooled chilling
equipment and to design and operate air cooled
chillers from single family residential sizes into
the commercial rooftop size range.

DESCRIPTION OF WORK

At previous Contractors' meetings we have
discussed the considerations which led us to the
selection of a mixture of lithium bromide and
ethylene glycol as an absorbent, coupled with water
as a refrigerant.

Figure 1 shows the pressure-temperature rela-
tionship of this system in the form of a Duhring
plot. Superimposed on this plot is a parallelogram
showing the approximate limits covered by an air
cooled absorption cycle at the design point of
35°C (95°F) air. The absorbent ratio of LiBr:glycol
was selected as 4.5, roughly optimized for the
various considerations of vapor pressure, cycle
pumping rate and heat transfer properties. It will
be noted that the crystallization line, shown as
a dashed line, is comfortably removed from the
region occupied by the cycle. By contrast, the
crystallization line for lithium bromide cuts very
close to the working area, inviting a solidified
system should there be a sudden perturbation of the
operating conditions or should there be some minor
errors in the information.

This system is useful only if it can be
operated near the equilibrium conditions. Our
major chemical innovation has been the identifica-
tion of a chemical additive, l-nonylamine, which
lowers subcooling in the absorber to about 1°C
from the 15°C range of the simple refrigerant-
absorbent combination. Without this additive the
gain in crystallization is obviously lost in
increased subcooling.

For convenience we have coined the term
"Carrol" to describe a system comprising an
absorbent of lithium bromide and ethylene glycol in
a weight ratio of 4.5:1, with water as refrigerant
and l-nonylamine as an additive.

MACHINERY DEVELOPMENT

At the present writing three chillers have
been constructed and two of them operated under
test couditions. The first of these, a "bread-
board" type construction, produced about 7 kW (2 t)
of cooling at the design point of 110°C (230°F) hot
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EQUILIBRIUM CHART FOR
LUTIONS OF CARROL
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FIGURE 1. Equilibrium Chart for Aqueous Solutions
of Carrol. For reference purposes, the
crystallization line for lithium bromide-
water has been superimposed as well as a

typical cooling cycle path.

water entering the generator, 35°C ambient air and
7.2°C (45°F) chilled water to the load at a thermal
COP of 0.74., The schematic representation of the
breadboard and subsequent models is shown in Figure
2. This served to vindicate the basic design
concepts and refined some of the heat transfer
coefficient data.

A second piece of equipment, a first prototype
single family residential unit, was designed from
the breadboard data with a projected couling
capacity of 10 kW (3 tons). .This unit is shown,
with the sheet métal case removed, in. Figure 3.
When placed in operation in a laboratory facility
designed and built especially for the purpose,
the initial cooling capacity at design conditions
was about 8.7 kW at a thermal COP of 0.71,
sustained for about ten days. Unfortunately the
performance of this equipment soon deteriorated to
about 6 kW at design conditions as a result of
heat transfer surface contamination, due at least
in great part to air leakage. After a series of
unsuccessful attempts to resuscitate the prototype,
the decision was made to abandon the machine and
move on to the next program step. The first
prototype experience emphasized to us the
importance of designing all components with ease
of leak detection and leak repair a major design
consideration.



SCHEMATIC OF AIR COOLED ABSORPTION CHILLER
INDICATING TEST POINTS AND CONTROL ELEMENTS

CONDENSER
Pe

HOT WATER Ve
.

uwa IN

CYCLE
GARD®
SAC 2 3 FLOW MEASURE
DOE CONTRACT NO. EG 77-C-03-1587
R. REIMANN
FIGURE 2. Schematic Diagram of Air Cooled FIGURE 3. First 10 kW (3 ton) Prototype Air
Absorption Chiller. Cooled Solar Absorption Chiller.

The uext program step selected was not an
immediate redesign of the 10 kW prototype but
rather a move to a larger rooftop solar package
built around a 35 kW (10 ton) air cooled chiller.
Funding for this particular step has been supplied
through the SOLERAS program administered by the
Solar Energy Research Institute (Contract
DE-FC02-80-ET20643). Figure 4 shows the 35 kW
rooftop package which integrates the solar system
pumps, controls and some data retrieval functions.

Selection of the larger equipment as the
successor step to the first residential 10 kW
prototype was based primarily on the belief that
the larger size was, in some ways, less of a
deviation from established designs. These
considerations will be included in the following
consideration of the major components of the
chiller designs.

Generator " FIGURE 4. View of the 35 kW (10 Ton) Air Cooled
Solar Absorption Chiller Package

In all cases a falling film generator is used,

based on the very successful application of this

design in our parallel development of water cooled

chillers for low temperature application. The

falling film generator is preferred over the

submerged tube bundle because it permits counter-

current heat transfer, eliminates submergence

losses, minimizes the need for superheat to induce

nucleate boiling and greatly reduces cycling losses

by eliminating the large quantity of hot solution

stored in the generator.
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Distribution of the solution over the tube
bundles in the 10 kW design was by means of a series
of weirs which overflowed onto the exterior of the
generator tubes through capillary drippers. In the
larger 35 kW package there is sufficient room to use
spray headers, which has been the basis of all our
previous experience with the falling film generator.

Absorber and Condenser

Both are plate fin coils with one inch copper
tubes and ten mil aluminum fins, 14 per inch.
Since the last Contractors' conference report was
written, the coil parameters were measured by the
Carrier Research Division and a computer analysis
made of this application. As a result, the
condenser coil was redimensioned and recircuited
and the air velocity through both condenser and
absorber reduced. This will significantly reduce
fan power from that required in earlier designs.

Evaporator

It has been most convenient thus far to work
with a flash evaporator, in which return chilled
water is flashed through a nozzle in a chamber
communicating with the absorber. With the 35 kW
rooftop package, however, we will return to the
more conventional tube and shell chiller which will
lessen the likelihood of leaks and will simplify
the problem of freeze-proofing the .units.

It is conceptually possible that the ethylene
glycol component could evaporate in the generator
and concentrate in the refrigerant loop. This
does not happen and a steady state concentration of
glycol in refrigerant of about 5% has regularly
been observed.

Fans

Based on the new requirements for the
redesigned coils, the Carrier Corporate fan
selection program was used to make an optimum
selection of fan motor and blades. The 35 kW
rooftop unit will use six fans with about 215
watts per ton capacity, compared to about 300 watts
per ton in the previous designs.

Solution Heat Exchanger

The eolutinon heat exchanger is a major
consideration in getting good thermal efficiency.
Very little head is available on the strong
solution side, a situation not helpful in
achieving a high effectiveness (7) £ 0.8). Our
flat plate design, constructed of a stack of simple
shapes easily punched from sheet metal, has worked
out well.

B urge

A small version of the jet purge that Carrier
uses on its commercial 16JB absorption chiller
series has given us effective purging of gases
from leaks and corrosion. The maximum pump head
in the 35 kW chiller is sufficiently high to
permit emptying the purge storage tank by pump
discharge pressure.

Controls

A low refrigerant level sensor protects the
liquid lubricated refrigerant pump by turning it
off when refrigerant stores on the solution side.
In the breadboard and 10 kW prototype versions
the refrigerant pump served to couple the flash
evaporator to the external load. This design
has been replaced by a conventional tube and
shell chiller in which the evaporator pump is
used only for internal refrigerant pumping from
sump to spray header.

Should overconcentration of the Carrol
threaten solidification, this is detected by a
high refrigerant level sensor which activates a
Cycle-GuardR solenoid valve which feeds
refrigerant into the solution pump suction. To
maintain constant load capacity as ambient
temperatures increase, it is necessary to increase
generator temperature by two degrees for each
degree increase in ambient above the design point
of 35°C,

A second solenoid valve will also be intro-
duced into the 35 kW package and subsequent
machines which will permit the output of the
solution pump to be introduced into the suction
side of the refrigerant pump as a means of
preventing the refrigerant from freezing during
winter shutdown. In conjunction with an additional
level sensor in the refrigerant sump, it can also
be used to extend machine operation to lower
ambient temperatures, with minor losses in thermal
COP, 7

TECHNICAL ACCOMPLISHMENTS

A survey of possible air cooled absorbent-
refrigerant combinations has identified a lithium
bromide-ethylene glycol-water system, with
l-nonylamine as an additive, which was a "best"
system with respect to cost, chemical stability,
flammability, toxicity and projected development
time.

All necessary engineering design information-
vapor pressure, enthalpy, heat transfer coeffi-
cients, etc., has been measured.

Component designs have been tested in 10 kW
(3 ton) breadboard and first prototype configura-
tions.

A 35 kW (10 ton) rooftop solar package has
been designed and built.

A test facility for running small air cooled
absorption chillers over a variety of controlled
conditions has been designed and built.

FUTURE ACTIVLILES

The equipment resulting from this program
are intended as prototypes of products aimed at a
market still in process of development. With
this in mind, our Commercial Products Division
prepared a Fabrication Cost Estimate for a 10 kW
(3 ton) product based on the first prototype
design. A run of 1000 units would have a
fabrication cost of $2,400 each.



Our corporate experience with similar products
has closely followed an 80% experience curve in
projecting cost reductions. Table I shows a
possible future cost scenario which would be
consistent with our previous experience in
developing very similar new products for emerging
markets. Cost to the consumer will be higher by
distribution, profit and other business costs.

TABLE I

Average Fabrication Cost Projection
3-Ton Absorption Machine (Air Cooled)

20% Initial
Cost Reduction

Average

Annual Cumulative Fab. Cost/Unit

Year Production Production 1980 Dollars
i i 100 100 $1,916
2 500 600 1,886
3 2,000 2,600 1,782
4 6,000 8,600 1,561
5 12,000 20,600 1,299
6 13,200 33,800 1,111
7 14,500 48,300 992
8 16,000 64,300 905
9 17,600 81,900 838
10 19,300 101,200 783

CONTRACT INFORMATION

Starting Date: September 30, 1977
End Date: September 1982

Total Face Value of Contract: $1,232,880

Major Deliverables

1. Survey of absorption-refrigerant combimatiuvus
and selection of "pest'" combination.
Report 6/79.

2. Properties of '"best'" absorbent-refrigerant
combination and machine component designs.
Report 5/81.

3 First Prototype 10 kW Absorption Chiller
6/80.

4, Second Prototype 10 kW Absorption Chiller
(three units), Complete 9/15/81.

5. 70 kW Absorption Chiller, Complete 12/15/81.
PUBLICATIONS AND REPORTS

""Candidate Chemical Systems for Air Cooled
Solar Powered Absorption Air Conditioner Design."
Part I - Organic Absorbent Systems; Part II -
Solid Absorbents, High Latent Heat Refrigerants;
Part III - Lithium Salts with Antifreeze Additives;
wendell J. Biermann (1978). Parts I and II are
available from NTIS, Part III release expected
shortly.

"Properties of the Carrol System and a
Machine Designed for Solar Powered, Air-Cooled,
Absorption Space Cooling," Revised Report
May 1981.
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WATER COOLED ABSORPTION CHILLERS FOR SOLAR COOLING APPLICATIONS

ENERGY SYSTEMS DIVISION, CARRIER CORPORATION

DR. WENDELL J. BIERMANN, ROBERT C. REIMANN

OBJECTIVES

The long term objective of the program which
has been implemented by the contracts enumerated
below, was the development of a broad line of
absorption chillers designed to operate with hot
fluids at as low a temperature as practical while
rejecting heat to a stream of water.

A second objective was to develop a packaging
concept for solar application in which controls,
pumps, valves and other system components could be
factory assembled into a unitary solar module.

DESCRIPTION OF WORK

Energy Systems Division, Carrier Corporation,
has been conducting programs in solar cooling with
various agencies all of which have been tied
together with a common group of assumptions and
goals. One of these assumptions was that of the
various methods of solar cooling possible, absorp-
tion cooling was the only technology which could
become commercial on a relatively short time frame.
Absorption cooling with heat rejection to a water
stream, as might couple to a cooling tower,
appeared to warrant the highest priority because of
the large background of developed technology. This
program is the subject of the present paper. A
second program, development of a line of air cooled

absorption chillers over the resigential and smaller

commercial sizes, appeared to be somewhat longer
in term and our contributions in that area are
described in a second paper in this Conference
Proceedings.

A design point was selected on the basis of
what might reasonably be expected from a system
using good quality flat plate solar collectors.
Specifically we chose:

Rating Conditions:

Hot water 82°C (180°F) and 0.060 1 s L/kW capacity
(3.33 gpm/ton (c) ) -1

Cooling water 29°C (85°F) and 0.126 1 s ~/kW (c)
(7.00 gpm/ton (c) ) =1

Chilled water 7.2°C (45°F) and 0.043 1 s ~/kW (c)
(2.40 gpm/ton (c) )

Size Range:

50 - 500 kW (c¢) (15 - 150 toms)
Smaller Units to be Contained in Preassembled
Solar Packages.

In addition we wanted a basic design which
wnuld retain a large traction of design capaclty
when the hot water temperature dropped to 65°C
(150°F), other quantities remaining at the rating
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condition, and which would have minimum losses
due to cycling.

The primary approach which was to be used was
to increase surface in a fairly conventional tube
bundle for evaporator, absorber and condenser
design, but to increase the number of passes in the
evaporator and absorber so as to approximate
counterflow rather than cross flow heat transfer.
Instead of the submerged tube bundle generator
normally employed, we elected to use a falling film
type generator which would reduce approach tempera-
tures by permitting counterflow rather than cross
flow heat transfer and avoid superheating effects
associated with nucleate boiling and hydrostatic
head. By eliminating the storage of the mass of
solution required to cover the generator tube
bundle, the heat losses on interrupted operation were
very greatly reduced.

Table 1, on the following page, summarizes in
tabular form the contracts and the several agencies
which have made it possible to carry out the
individual steps in the overall program. In each
case, a brief note gives the specific objective of
that portion of the program and the current status.

Typical performance data and illustrations of
the 50 kW (15 ton) solar absorption chillers have
been given at previous Contractor's meetings and in
the publication list appended.

By way of update, three figures are included.
Figure 1 shows the latest packaged version of the
50 kW chiller, presently installed at the BDP
Distribution Center, Phoenix, Arizona, as part of
the SOLERAS program. This package includes pumps
for solar collector, chilled water distribution and
for induced draft cooling tower, necessary control
sensors and valves plus all needed control logic
devices.

The second figure shows the largest unit thus
far built in this series, a solar absorption
chiller designed to produce about 130 toms of
cooling at the program rating point, and was
developed under sponsorship of Marshall Space
Flight Center (NASA). This machine is semi~-
commercial in that it was produced down the same
assembly line as the standard Carrier absorption
chillers. To become fully commercial, it requires
only enough volume to justify certain special
tooling and setting in place a complete manufac-
turing plan.



Major Task

Number Technical Task Status or Schedule

1 Design, build, factory test, field Installation completed, Ross Control House
install in solar system with evacuated (Vancouver, WA) March 1978. Currently
tube collectors and monitor for one year; operating.

a 50 kW (15 ton) solar absorption chiller. Preliminary Final Report submitted
January 1980.
Bonneville Power Administration to issue
final final report about May 1981.
Funding: Bonneville Power Administration.
14-03-6280N $848,959

2 Select new solution and refrigerant pumps Installation completed, Carrier factory in
for 50 kW (15 ton) package developed in Tyler, Texas, October 1979. Operation
task #1. Develop solar package for steam monitored to October 1980. Presently
as auxiliary energy. Install with flat inoperative due to collector problem.
plate collectors and operate for one year. Funding: Bonneville Power Administration/

DOE DE-AC79-79BP 14067 $375,000

3 Operate Tyler, Texas installation for Contract anticipated May 1981. To be

cooling season, 1981. followed by preliminary final report to
Bonneville Power Administration November
1981,
Funding: SERI Contract Pending  $15,250

4 Using the modified 50 kW (15 ton) solar Installation completed April 1980. Year's
absorption chiller of Task 2, develop operation completed April 1981. Preliminary
package using electric driven heat pump Final Report, June 198l.
for auxiliary. Install, using drainable, Funding: Bonneville Power Administration/
evacuated tube collectors, at Big Eddy DOE DE-AC79-79BP 14067  $375,000
Control House, The Dalles, Oregon.

) Using absorption chiller design proven in Installation completed April 1981.

Tasks 2 and 4, develop improved packages. Preliminary Final Report November 1982.
Install, using tracking concentrating Funding: SOLERAS, Managed by SERIL

trough collector, BDP Distribution DE-FC02-80ET 20643

Center, Phoenix, Arizona. Operate $815,000 (including a second installation)
through two cooling seasons.

6 Scale up the 50 kW (15 ton) design to Construction completed March 1981.
meet needs of Frenchman's Reef Holiday Laboratory tested April 1981. Shipped
Inn, American Virgin Islands. Under April 1981. Installation and field testing
selected rating conditions, this would will be contracted by NASA, scheduled about
be about 450 kW (130 tons). Design will June 1981.
produce over 700 kW (200 tons) at Funding: NASA DEN 8-000007/ $266,318
higher temperatures.

7 Using same design as Task 6, design, Construction completed March 1982. wWill
construct and laboratory test two solar .be installed and field tested under
absorption chillers of 260 kW (75 ton) separate NASA contract in 1982 at
capacity at design conditions. University of Houston and University of

Nevada (Las Vegas).
Funding: NASA DEN-8-000015 $227,900

8 Do cost reduction study of design in Desirable to improved commercial value.
50 kW (15 toms) to 150 kW (40 tons)
range. Build and test one unit to prove
cost reduced design.

9 Using design concepts proven in past Logical step for technological advance of
program, design a solar chiller with two solar cooling.
stage generator to increase COP. Design
hot water temperature to be not in excess
of 115°C (240°F).

TABLE 1. Summary of Contracts Constituting the Water Cooled Absorption Chiller Program of

Energy Systems Division, Carrier Corporation.




FIGURE 1. Solar Unitary Package, BDP Distribution

Center, Phoenix, Arizona

FIGURE 2. Scaled Up Solar Absorption Chiller,
Frenchman's Reef Holiday Inn, American
Virgin Islands

Figure 3 shows the performance of the large
absorption chiller over a range of hot water
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FIGURE 3. Capacity of Large Solar Absorption
Chiller Over a Range of Hot Water
Temperatures

TECHNICAL ACCOMPLISHMENTS

A low temperature absorption chiller has been
designed, laboratory tested and field tested. It
is suitable for solar, geothermal or energy
recovery applications.

The manufacturability of the low temperature
chiller has been demonstrated on a commercial
production line.

The low temperature chiller desigﬂ includes
15 tons, 75 tons and 130 tomns.

Packaging of the 15 ton size chiller into a
simple unitary solar package has been done.

temperatures. These data result from performance

testing done in the Engineering Test Laboratory,
Machinery and Systems Division, Carrier
Corporation.

FUTURE ACTIVITIES

Absorption chillers of this improved design
are salable items. They are being offered for
sale, potential customers have expressed interest
but no actual private sales have been consummated.
Cost is a serious obstacle —-- capital investment
is needed to reduce manufacturing cost (tooling,
fixtures and procedures) but the volume of
production needed to amortize the investment cannot
be identified, at least not presently for the
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PUBLICATIONS

"Evaluation Report Prototype Energy Retrieval
System," Submitted to Bonneville Power Administration
January 1980

(Final Report, Contract 14-03-6280N)

"The Prototype Energy Retrieval and Solar (PERS)
System," April 1981, by Bob Guddat, Mechanical
Section, Division of Substation and Control
Engineering, Bonneville Power Administration,
Portland, Oregon

"An Absorption Machine for Solar Cooling,"

Dr. Wendell J. Biermann, ASHRAE Symposium Paper
PH-79-3 No. 2, ASHRAE Transactions 85, Part I
(1979)

CONTRACT INFORMATION

START DATE ENDDATE______ CONTRACT VALUE

MILESTONES
Item:

Due date:




DEVELOPMENT OF SOLAR-DRIVEN ABSORPTION AIR-CONDITIONERS

LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA-

Kim Dao, Michael Wahlig, Joseph Rasson
Contract No. ‘W-7405-ENG-48

OBJECTIVE

The objective of this project is to develop.
absorption-cycle refrigeration systems that achieve
significantly higher seasonal conversion efficien-
cies than is possible using other cooling ap-
proaches. A secondary objective is to avoid the
necessity for water cooling towers by using air-
cooled condensers and absorbers.

The quest for higher conversion efficiencies is
one of the approaches leading toward eventual a-
chievement of cost-effective solar cooling systems
by the solar industry. The major cost component of
~a solar cooling system is the collectors; the col-
lector area required to satisfy a given load can be
reduced (lowering costs) as the efficiency of the
chiller component is increased.

DESCRIPTION OF WORK

A phased plan has been devised to develop an
advanced high-efficiency absorption chiller that is
considerably beyond today's state-of-the-art. This
is to be achieved through the design, fabrication,
testing and evaluation of a series of incrementally
improved absorption chillers.

The first phase of this project consisted of
the partial reconstruction for solar-powered opera-
tion of a conventional gas-fired ammonia/water ab-
sorption chiller. This phase was successfully com-
pleted some time ago,! and it demonstrated the ca-
pability of our analysis.techniques to predict ac-
curately the performance of single-effect, absorp-
tion-cycle chillers under operating conditions ap-
propriate for solar-powered . operation.

The second phase includes the design and fab-
rication of a single-effect ammonia/water absorption
chiller that incorporates several unique design
features: tube-in-tube heat exchangers for high
effectiveness at reasonable cost, an internally pow-
ered solution pump for reduced parasitic power use,
and a rectification path for the hot vapor generated
that also effectively recuperates the heat of the
vapor. The laboratory test unit has a capacity of
three tons. This chiller, which represents the
starting point for the development of the higher
efficiency units in subsequent phases, is currently
in the test and evaluation stage.

~ The third phase of the project is the develop-
ment of an advanced higher efficiency cycle, a-
double-effect regenerative cycle (which we call
cycle 2R) that adds a unique second stage to the
chiller developed in phase two. With the addition
of this second stage, the overall chiller efficiency
increases continuously as a function of the inlet
temperature from the solar collectors. The basic

concept of this 2R cycle was described some time
ago,2 and is shown schematically in Figure 1.
Since then the design has been completed, and fab-
rication has started.

The fourth phase takes advantage of the ex-
perience gained in previous.phases to develop a
sti11 higher efficiency chiller, yet one with less
hardware and thus with the potential for lower cost.
This chiller is based on a single-effect regenera-
tive cycle (which we call cycle 1R). Although the
basic concept has been described by our group pre-
viously,3 this chiller is still in an early design
stage. The success of the cycle 1R chiller depends
on our experience gained from developing the cycle
2R chiller and on locating a refrigerant/absorbent
fluid pair- with suitable properties at the higher
boiling temperatures where ammonia/water perform-
.ance drops. off.

An absorption-cycle air conditioner is essen-
tially a heat pump and, accordingly, can be used
for heating as well as cooling as long as the re-
frigerant fluid does not freeze in the outdoor coil
during heating applications. Thus these technolo-
gy improvements will also lead to more efficient
thermally driven heat pumps.

TECHNICAL ACCOMPLISHMENTS

§§gg1e Effect Absorption Chiller

. The testing, modification, and evaluation of
the single-effect ammonia/water chiller is in
progress. Initial results show that the con-
denser, generator, preheater, and the recuper-
ative solution pump perform up to expectation.
Uneven fluid distribution in the absorber's
parallel coils and excessive pressure drop
across the evaporator are problems that still
need correction. After the necessary modifi-

‘ cations to decrease the absorber temperature
and the evaporator pressure drop, the COP of
the chiller shouid be in the range of 0.65 -
0.70 at design conditions.

X We have had mixed success in developing the
two internally powered piston circulation
pumps; much effort has been expended on them.
The recuperative pump powered by the returned
weak aqua-ammonia solution has been successful-
ly. developed; it pumps 1.45 gpm of strong sol-
ution, The make-up pump powered by high pres-
sure ammonia vapor did not work reliably be-
cause of vapor absorption by the liquid ever
present in the pump switching lines. At
present the make-up pump has been replaced by
a make-up electric piston pump having an out-
put of 0.85 gpm, for a total circulation of
2,3 gpm of strong solution.
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Cycle 2R Absorption Chiller

. The detailed design and drawings for.the com-

ponents of the 2R chiller have been completed.

Fabrication of some components has been com-
pleted, including the boiler, the preheatér, the
recuperator, the generator, the rectifier, and
the multi-stage pump.

A1) components of the experimental 2R chiller
are being made of stainless steel to avoid
rust problems that may occur during periods of
cutting open the chiller for necessary modifi-
cations.

Cycle 1R Absorption Chiller

Work on the cycle 1R chiller during FY 1980 -has
consisted of computer modeling the cycle for
design and fluid selection purposes, and de-
vising a method for the calculation of the pro-
perties of the promising pairs from a basic set
of experimental data.

A number of candidate fluid pairs have been
selected. The basic set of experimental data
needed to determine the mixture properties of
these fluids has been specified. After review
of proposals received, in response to a com-
petitive solicitation, DOE negotiated a con-
tract with SRI International for the collection
of the basic set of data through a literature
search followed up with measurement of the as
yet unmeasured parameters.

FUTURE ACTIVITIES

The testing of the single-effect chiller will
continue. Further improvement of the vapor pump
will not be pursued; the chiller will be operated
using the electric make-up pump for the remaining
"chiller tests. The testing is expected to be com-
pleted and the results published during FY 1981,

The design and fabrication of the absorber and
evaporator of the cycle 2R chiller will proceed fol-
lowing analysis of the final results of the testing
of the single-effect unit; this test information is
needed to finalize the design of these components.
Testing of the multi-stage pump is planned to begin
late in FY 1981. The fabrication of the 2R chiller
should be completed early in FY 1982, followed by
testing and evaluation throughout the remainder of
FY 1982. .

The cycle analysis work on the cycle 1R chiller
will continue during FY 1982 as we continue to re-
duce the theoretical cycle to a practical design.

The required measurements of the:properties of can-
didate fluids for the 1R cycle should be completed by
SRI International by the end of FY 1981; we will '
work closely with them to insure -the maximum util-
jzation of the data measured during that project.

The final 1R design and working drawings are expect-
ed to follow during FY 1983.
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CONTRACT INFORMATION

STARTDATE__ 7/74 END DATE___COnt- CONTRACT VALUE $1372 X
MILESTONES
ltem: Due date:
1. Single-effect chiller: complete testing and issue report 12/81
2. Double-effect regenerative chiller: fabrication completed 10/81
3. Double-effect regenerative chiller: complete testing and issue report 11/84
4, ASing]e-effect regenerative chiller: design completed . 3/85
5. Single-effect regenerative chiller: complete fabrication, start testing , 9/86
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DETERMINATION OF PROPERTIES OF FLUIDS FOR SOLAR COOLING APPLICATIONS

SRI INTERNATIONAL

RICHARD THOMAS PODOLL

CONTRACT NO. DE-AC03-80CS30221

OBJECTIVES

The objectives of this project are to determine

“pressure-volume-temperature (P-V-T) data and calori-

" metric data for organic refrigerant and absorbent
fluids and their binary mixtures that are accurate
enough to be used for the design of solar-powered
cooling engines.

-

DESCRIPTION OF WORK

The Lawrence Berkeley Laboratory has developed
a concept of a solar-activated advanced absorption
cycle called the Single Effect Regenerative Absorp-
tion Refrigeration Cycle (Report LBL-6879). The
" coefficient of performance (COP) of this cycle
improves with increasing input temperatures up to a
1limit imposed by the thermodynamic properties of the
working fluid refrigerant/absorbent pair. The COP
increases up to an.input temperature of 280°F, for
example, for the working fluid pair ammonia/water.
Pairs other than ammonia/water are needed to take
advantage of the potential increase in COP with. an
increase in input temperature above 280°F
. pose of this project is to conduct an initfal
comparative study of a number of .refrigerant/
absorbent pairs that show promise of fulfilling this
potential.

- The fluids to be tested are the following.

Refrigerants Absorbents

Ammonia Ethflene glycol
Methylamine 1,4-butanediol
Ethylamine Diethylene glycol

Dichlorofluoromethane dimethyl ether
N,N-dimethylacetamide
N,N-dimethylhexanamide

N,N~dimethyldecanamide

Difluorochloromethane

'The thermodynamic properties to be determined are
the following.

Pure Fluids
e P-V-T data: critical properties, vapor
pressures, vapor and liquid densities
e Calorimetric data: - specific heats of vapor
and liquid, enthalpy of vaporization
. Fluid Mixtures (14 binary pairs)

e P-V-T data: saturation temperatures

o Calorimetric data:

enthalpy of mixing,
specific heats

.

The work is divided into two tasks. The first
task 1s a critical literature survey of thermodynamic
data on the fluid pairs listed above. The second
task is to measure those properties of the pure
fluids and their mixtures that have not previously
been measured to the required accuracy.

These data will be used by LBL (antract No.
W-7405-ENG-48) together with thermal stability data
to determine the most promising pairs for the
advanced absorption cycle .

TECHNICAL ACCOMPLISHMENTS

The pur—

e Most of the thermodynamic data on the pure
refrigerants was found to the required
accuracy in the literature. Very litte
experimental data was found for the absor-
bents and no experimental data was found for
any of the mixtures. Estimation techniques
were used to calculate pure fluid properties
of the absorbents but these values are very
uncertain because of the high polarity and/or
high molecular weight of the test absorbent
fluids. Reported and estimated data. are
discussed and tabulated in t:he Literature
Survey [1].

¢ Experimental work has begun on the pure
fluids. Because of thermal decomposition
at 300°C (572°F) or less, the critical
properties of none of the absorbents may be
measured, and the remaining properties will
P be determined up to the onset of thermal
" decomposition (in the absence of oxygen).

Future Activities

o The experimental work on the pure fluids and
their mixtures will be finished

e The literature and experiméntal data will be
tablulated in a Final Report .

References

1. Podoll, R. Thomas "Literature Survey:
Determination of Propertiles of Fluids for Solar
Coollng Applications," February 1981. Prepared
for the U.S. Department of Energy, San Francisco
Operations Office
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CONTRACT INFORMATION

1
START DATE__9/29/80 ENDDATE__9/30/81  CONTRACT VALUE __$121,857
MILESTONES ,
Item; ’ ’ Due date:
1. Literature Survey ' ' ' : 31 January 1981
2. Complete experimental measurements ) . . ‘ 31 Augusi 1981
3. Final Report ‘ ‘ 30 September 1981
4.
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DESIGN OF A SOLAR ENERGY COOLING SYSTEM

SUNMASTER CORPORATION, 35 WEST WILLIAM STREET, CORNING, NEW YORK 14830

JOSEPH R. FRISSORA

CONTRACT DEN8-000005

The objective of this project was to design
and develop a large scale, industrial sized solar
system which would supply hot water to a large
modified Carrier Corporat1on 16JB018 absorption
ch111er

The second objective was to demonstrate the
feasibility and capabilities of drainable evacu-
ated glass tube solar collectors in a large
industrial application.

The Sunmaster Corporation, Corning, New York,
entered into a contract with NASA Marshall Space
Flight Center in January 1979 to design a solar
system which would provide hot water for the opera-
tion of an existing Carrier 16JB018 absorption
chiller installed in the Frenchman's Reef Holiday
Inn Hotel, St. Thomas, U.S. Virgin Islands.

The Hotel uses two Carrier 16JB018 absorption
chillers to generate chilled water which is used
to cool the air in the restaurants, shops, bars,
and public areas of the Hotel, and additionally,
to cool fresh desalinated potable water. One
chiller, designated Chiller No. 1, has been
modified tn he powered by hot water, and the
water can be heated by the solar system and/or by
a steam heated heat exchanger. The other chiller,
designated Chiller No. 2, is powered by steam.

The chillers can be utilized separately or together
to generate the chill water required by the air
conditioning loads.

The solar energy collection system was based
on the Sunmaster'™ drainable evacuated glass
tube solar collector. The Sunmastert™ collector
consists of eight 4-feet long evacuated glass tube
collectors attached to an insulated supply and
drain manifold, and mounted to a frame that
incorporates the unique double cusp reflectors
designed by the Argonne National Laboratories.
When mounted with the tubes oriented on a north-
south line and inclined perpendicular to the sun's
incident rays, the Argonne reflectors concentrate
the solar radient energy on the inner tubes'
absorber coating throughout the solar day.

The design of the solar array was based on
the orientation of the Hotel, the available roof
space, and the local annual insolation as calcu-
Tated from data acquired in San Juan, Puerto Rico,
Tatitude 18° North. The solar array consists of
956 SunmastertM collectors for a total of 13,384
effective square feet collection area.

When operating, water in the solar collectors
is heated to a maximum of 2400 F. and then piped
to the first of two 2,500 gallon tanks. The
first, or upper tank, is designed to maintain an

- 8-inch deep level of water, and water exceeding
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that level flows through a connecting line to the
second and lower 2,500 galion tank. Water in the
lower tank is then pumped back and recirculated °
through the collectors. The 8-inch deep water in
the upper tank serves as a reservoir from which
solar heated water is pumped to Chiller No. 1.
Return water from Chiller No. 1 is pumped back to
the upper tank where a baffle prevents the return
water from mixing with the solar heated water
before it flows to the lower tank and then to
collectors.

An Andover Controls Corporation Sun‘loggertm
Solar Controller is used to control the solar
system and acquire operating data. Temperature
is sensed in the collectors, tanks, and hot
water lines to and from the Chiller No. 1 along
with flow rates, and insolation measurements.

The microprocessor scans the data and executes
systems controls which activates pumps and valves,
thus causing the system to operate to and within

a set of pres%1ected and programmed parameters.

The Sun]ogger can also print out real-time data,
time-phased historical data, and integrated data
such as Btu/hour and efficiencies. The Sunloggertm
system also provides for remote monitoring through
télephone coupling.

The Sunmastertm collector system employs a
unique drain-back feature whereby all the water
in the collectors will drain back to the two
2,500 gallon tanks if there is a power failure
or when there is insufficient insolation to merit
continued operation as at night or on rainy days.
This drain-back feature precludes thermal losses
due to radiation at night or excessive tempera-
tures and pressures in the collectors when water
is trapped in the collectors when power and pumps
fail. Both tanks are heavily insulated to mini-
mize heat losses.

During the initial phase of work in 1979,
the contract was modified to provide for the
installation of a pilot collector array which
would confirm the feasibility of the design and
provide a level of experience useful in fabri-
cating and installing the full scale system.
This prototype or pilot array was comp1%ted in
June 1979 and consisted of 34 Sunmaster®™
collectors with 476 square feet of collection
area, a pump, a 250 gallon storage tank, and a
liquid-to-air heat exchanger, all controlled by
the Sun]ogger Solar Controller. With the
exception of the heat exchanger, all components
were assimilated into the final system.

Tests were performed on the completed system
in March 1980. The all day insolation in the
plane of the collector was 1,852 Btu/square foot,
37.9 percent of the available insolation was



"collected, and 84 percent of collected heat was
delivered to the chiller.

Except for repairs to the chiller and
associated equipment and maintenance to the solar
system, the system has been operating since
installation completion in November 1979 and :
providing solar heated water to the Chiller No. 1. '

~

L 4
\ .
CONTRACT INFORMATION )
START DATE_ 1/3/79 END .DATE__ 6/30/81 _ CONTRACT VALUE___ $1.042.879 |
MILESTONES
Item: Due date:
1.‘, Final Design Review June 1979
2. System Installation Complete November 1979
3. Complete Maintenance : July 1981
4,
5.




MULTIPLE-EFFECT ABSORPTION CYCLE SOLAR COOLING

THE UNIVERSITY OF TEXAS AT AUSTIN: CTR. FOR ENERGY STUDIES/DEPT. OF MECH. ENGINEERING
GARY C. VLIET ‘

CONTRACT :

- OBJECTIVE

~ The purposes of this investigation were: to
develop a dynamic computer model of the water-
1ithium bromide double-effect absorption cooling
cycle; to use the code to assess the effect on
performance of variations in the cycle's several
design and ogperating parameters; and to briefly
assess the cost of double-effect absorption cooling
per unit of capacity for varying capacity. The
work accomplished under this contract is documented
in the contract final report [1].

DESCRIPTION OF WORK

The absorption cycle is one of the abterna-
tives for solar cooling, and the double-effect
absorption cycle is a competitor to proposed
Rankine cycle solar cooling systems. While the
Rankine cycle has the specific advantage of
mechanical/electrical output, the double-effect
absorption cycle appears to have a potentially
better COP when operating purely in the cooling
mode. The double-effect cycle has been available
for several years, although there has not been
significant interest in it for application to solar
cooling systems.

Auh [2] provides an excellent overview of
absorption cooling. A preliminary assessment of
the potential of double-effect water-lithium
bromide absorption systems is presented in [3].

The first prototype double-effect unit was devel-
oped by Southwest Research Institute in 1956-58
under funding from the American Gas Association .
[4,5]. Later, the Iron Fireman Company of
Cleveland, Ohio, purchased the manufacturing rights
and began production of the "Iron Fireman" unit in
1963, a nominal 15-ton, gas-fired unit with a gross
COP of 0.9 to 1.0 and a net COP of 1.2 to 1.3 near
design capacity. Only a few units were manufac-
tured and sold, and it is no longer in production.
In 1973, the Trane Company introduced a line of
steam-fired double-effect absorption units with
rapacities between 385 and 1,060 tons, and COPs in
the range of 0.9 to 1.0 near design capacity. The
Sanyo Company of Japan previously built a line of
double-effect units; however, the Tine has been
discontinued. Yazaki, also of Japan, has announced
the introduction of a gas-fired 20-ton unit.
Although double-effect units have been and still
are available, they do not appear to have reached
their performance potential, possibly because they
were designed during the availability of cheap
energy.

The major objectives of this project were to
develop a fairly comprehensive dynamic computer
code of the (water-lithium bromide) double-effect
absorption cooling cycle, and to use the code to
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investigate the influence of the several design and
operational variables on the cycle performance
{coefficient of performance and capacity).
Ultimately, it is hoped these results and/or the
computer model would be used by manufacturers for
optimizing the design of future systems.

TECHNICAL ACCOMPLISHMENTS

o A physical model of the (water-lithium bromide)
double-effect absorption cooling system was
defined as shown in Figure 1. It includes seven
(7) heat exchangers in all--including the two
recovery heat exchangers, two regenerators,
condenser, evaporator, and absorber--as well as a
solution pump.  The model allowed for either an
orifice (pressure-driven flow) or a float
(refrigerant vapor trap) in the refrigerant
condensate stream between the second generator
and condenser.
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Figure 1. Schematic of Physical Model

e A dynamic computer code was developed around the
above physical model. It includes mass, species,
and energy balances as well as fluid flow, heat
transfer, and mass transfer specifications for
the various components and thermophysical prop-
erty data for the water-lithium bromide system.
The computer code has been used successfully to
simulate cycle performance over ranges of the
several individual design and operational param-
eters.

The effects on cycle performance (COP and capac-
ity) were determined for each of the design and
operational variables, some of which are dis-
cussed briefly below. Most of the results wer
developed assuming a constant capacity solutio.
pump and a refrigerant vapor trap (or float)
between the second generator and condenser. A
"nominal® design condition was selected (after



several investigative runs) which resulted in
reasonably optimal sizes for the various compo-
nents at the nominal condition. The nominal
condition for a 10-ton system is summarized in
Table 1.
individually as all others were held at their
nominal values.
over which each of the parameters was varied.

Table 1. Nominal Conditions and Parametric Ranges

Investigated Condition Nomina) Condition® Range
l‘ Source hot water temperature 280°F 220-320°F
'c Cooling water temperature 85°F 50-100°F
'ch Chilled water temperature 44°F 34-74°F
m,  Source hot water flow rate 5,000 1b/hr  2,000-10,000 1b/hr
me Cool(.ng water flow rate 18,000 1b/hr 8,000-28,000 1b/hr
Tep Chilled water flow rate 10,000 1b/hr 5,000-15,000 1b/hr
m{10) Solution flow rate ‘900 1b/hr 500-1,500 1b/hr
Agy  Area of first generstor 35 12 5-105 ft?
AGZ Area of second generator 20 flz 5-105 ftz
Ac Area of condenser 20 re? 5105 f¢?
AE Area of evaporator 55 ftz 5-105 “2
Ay Aves of sbsorber 6o fe? 5105 i
AH” .Area of first heat exchanger 5 ftz 0-20 "2
Anxz Ares of second heat exchanger 5 fcz 0-20 ft2
c Pressure drop coefficient between ~ -6 -6
the evaporator and the absorber 0.5x10 0-5x10
Orifice flow control (varying Ts) 220-320°F
Centrifugal pump 1 {varying Ts)' 220-320°F
Centrifugal pump II {varying T,) 220-320°F
Orifice flow control with
centrifugal pump I (varying 'ls) 220-320°F
Orifice flow control with 220-320°F !

centrifugal pump 11 {varying Ys)

*The nominal condition corresponds to a cooling capacity of approximately 10 tons.

--Figure .2 compares the relative effects on
performance of float (trap) control and orifice

Each of the parameters was then varied

Table 1 also includes the ranges

control over a range of source hot water temper-
atures (and constant capacity solution pump).

"It is seen that use of a vapor trap maintains the
COP (in particular) at a high level over a wider
range of source temperatures and also enhances
capacity (but to a lesser degree) compared to the
orifice flow design.
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--Figure 3 shows the combined effects of refrig-
erant flow control and type of pump character-
istics on performance. The use of a centrifugal
pump somewhat further degrades the cycle perform-
ance, but principally at higher source tempera-
tures. The reason is that for a centrifugal pump
with its varying capacity (due to pressure head),
the solution circulation rate is reduced at
higher source temperatures. :
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--Figure 4 shows the effect on performance of the
two regenerator heat exchanger areas. Note that
the capacity is affected somewhat more by the
area of the first generator than by the second,
and that COP is not markedly affected by either.
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Performance

Sensitiyity data were also obtained for varying
condenser, evaporator, and absorber areas (not

presented).

Figure 5 shows the effect on per-

formance of the two recovery heat exchangers,

The capacity is seen to be little affected for
either heat exchanger; however, -the COP is sig-
nificantly affected, and about equally by each.

-~-Figure 6 shows typical curves for performance

(COP and capacity) for a specified 50°F exit
chilled water temperature and varying source and
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cooling water temperatures. These data are for
constant solution circulation and float (trap)
control. The locus of the crystallization condi-
tion is indicated.
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e Some specific conclusions about optimal system

design evolve from these results. (a) The trap
or float control is much preferred to the orifice
flow design in terms of maintaining high perform-
ance over a wide range of source temperatures.
This capability is particularly important for a
solar-driven system, .where the source tempera-
tures will vary considerably. (b) The solution
pump characteristic is important, particularly at
high source temperatures, with one approaching
constant displacement preferred. (c) The rela-
tive allocation of heat exchanger area to the
seven heat exchangers is very important to cycle
performance and cost, since a large portion of
the cost of absorption systems is in-heat
exchange surface.

A secondary objective of the study was to assess
the cost of absorption cycle cooling per unit of
design capacity. Figure 7 shows & summary of
data for single- and double-effect units. The
cost of small tonnage (single-effect systems)
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Figure 7. Unit Capacity Cost Versus Capacity of

Water-Lithium Bromide Absorption Systems

appears excessive, but it would appear that there
is merit in considering intermediate capacity
double-effect systems in the range of 20 to. 100
tons. Modularizing, as done by Yazaki, has merit
in flexibility, but unit cost is high. A compar-
ison of the Trane single- and double-effect large
capacity units is interesting. Their relative
costs are about equal to their relative COPs.
Since the increased capital costs of the double-
effect units (over single) are probably consider-
ably less than the incremental collector cost for
solar systems or life-cycle fuel costs for con-
ventional systems, it would aqpear that the
double-effect cycle is a viable choice.

FUTURE ACTIVITIES

The availability of this dynamic computer code

for the (water-lithium bromide) absorption cooling
cycle provides a tool for manufacturing and systems
analysts to develop more optimal designs.

It has been proposed that some additional

effort be put into the computer code to ensure that
it has the most current thermophysical property
data, to provide an improved physical model for the

absorber, and to better document the code.

In

addition, a more in-depth assessment of the alloca-
tion of heat transfer area to the different compo-
nents should be made, and a direct comparison
between the model's predictions and the performance

of commercially available unit(s) is needed.

It is

also proposed that the model, results, and advice
on using or modifying the model be made available
to interested manufacturing firms.
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Section 3: DESSICANT SOLAR COOLING SYSTEMS ’




NATIONAL SOLAR DESICCANT COOLING PROGRAM

] Dennis R. Schlepp
Solar Energy Research Institute
Golden, Colorado

ABSTRACT

This paper presents a brief overview of the
activities and accomplishments of contractors in
the Solar Desiccant Cooling Program. The progress
of SERI's desiccant cooling research program is
also discussed.

BACKGROUND

Research and development efforts in the Solar
Desiccant Cooling Program are going on in four
categories: open-cycle solid desiccant adsorption
systems, open-cycle 1liquid desiccant adsorption
systems, open-cycle absorption refrigeration sys-
tems and closed-cycle solid desiccant adsorption
systems.

Most of the activity in the past has centered
on developing the open-cycle solid desiccant
adsorption systems for residential applications.
The process used is dehumidification and evapora-
tive cooling to provide comfortable air with solar
heated air used for regeneration of the desiccant
for reuse. Both the Institute of Gas Technology
and Garrett AiResearch have been involved in
designing, building and testing solid desiccant
chillers with capacities in the range of 1.5 tons.
The I1linois Institute of Technology has built a
cross-cooled desiccant chiller that is presently
being tested. The University of Wisconsin has
provided analytical support to this portion of the
program through the use of a TRNSYS computer simu-
lation of desiccant chillers, and through a cooper-
ative agreement with the Commonwealth Scientific

and Industrial Research Organization (CSIRO) in
Australia, they will be performing laboratory
experiments with rotary dehumidifiers and heat
exchangers. '

Interest and activity has increased in inves-
tigating open-cycle absorption refrigeration sys-
tems for commercial applications. Open-cycle
absorption wunits are similar to conventional
closed-cycle absorption units, but they use water
as the refrigerant and reject water vapor to the
~atmosphere in open-flow collectors, eliminating the
need for a condenser. Colorado State University
has been studying the regeneration of 1lithium
chloride solutions in packed concentrating towers
to determine applicability of the process to hot
air collector systems. Lockheed Missiles and Space
Co. and Arizona State University will determine the
heat and mass transfer rates of lithium chloride
regeneration on open-flow collectors for hot humid
climates and hot, dry climates, respectively. All
of the studies will aid in design of an absorption
refrigeration chiller in the future.

Open-cycle liquid desiccant adsorption systems

operate on the same principles as the solid desic-
cant systems, but use liquid desiccant sprays for
dehumidification. The University of South Carolina
ijs installing such a chiller in a residence to
demonstrate the viability of this solar cooling
system.

The closed-cycle solid desiccant adsorption
process has been developed by The Zeopower Company
for use as a combined heating and cooling unit.
This system, using natural zeolites sealed in
vacuum-tight collectors, is able to provide a resi-
dence with air conditioning in summer and heat in
the winter by using the closed adsorption cycle.

SERI's in-house research efforts have sup-
ported activities in all areas of the program.
Computer simulation models of both solid desiccant
and liquid desiccant systems have been valuable in
determining areas for performance improvements in
the open-cycle systems. The desiccant cooling
research laboratory is providing data on the
adsorption properties of different desiccants and
on different desiccant bed configurations.
Assistance to the contractors in the program in
technical matters has been provided throughout.

SUMMARY

Some of the most significant accomplishments
of the Solar Desiccant Cooling Program have come in
the area of the residential open-cycle solid desic-
cant chillers. Both the IGT and AiResearch
machines have been successfully tested in the last
year, with encouraging performance results. Both
systems have operated above the predicted levels of
performance at their rated capacities, with solar
coefficients of pertformance (COP's) in the range of
0.5 to O0.6. These tests have demonstrated the
technical viability of the concept and point toward
further development efforts and field testing of
the machines.

Results obtained from the research in the area
of open-cycle absorption refrigeration systems also
show great promise for future development. Tests
on prototype regenerators have proven that the re-
generation process takes ‘place according to theore-
tical predictions. With the potential for very low
cost regenerators, these systems have a bright
future in commercial applications.

TECHNICAL ACCOMPLISHMENTS

Institute of Gas Technology
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s IGT's SOLAK-MEC 111 solar cooling systems has
been successfully tested in the laboratory.
Test data from the machine have shown COP's in



the range of 0.5 to 0.6 at design conditions,
with a capacity of 1.67 tons of cooling.

e The seasonal simulation model developed by IGT
as a design tool for the SOLAR-MEC has been
verified by the experimental results and can
be used for prediction of system performance
at off-design conditions.

Garrett AiResearch Mfg. Co.

e Design point performance was exceeded by the
AiResearch chiller (SODAC) in the recirculated
mode, with an average COP of 0.59 at a capa-
city of 1.35 tons of cooling, compared with a
predicted COP of 0.52. Off-design (half-flow)
performance was also higher than predicted,
with an actual COP of 0.56 as compared to the
predicted value of 0.46.

e Economic analyses were performed using the
performance data collected in the testing and
showed that SODAC would have positive present
value benefits in conjunction with a solar
heating system.

I11inois Institute of Technology

e A mathematical model for laminar flow through
an ijsothermal dehumidifier was developed and
fitted to experimental data.

e A complete one-ton cooling system using two
cross-cooled dehumidifiers has been installed
in a test house with air collectors and is
currently being tested.

University of Wisconsin/CSIRO

o System studies by the University of Wisconsin
have covered many areas of solar desiccant
cooling. The subjects of these studies have
included: desiccant property analysis,
dehumidifier modeling and design, the effects
of transient and nonuniform inlet conditions
on dehumidifier and heat exchanger perfor-
mance. These studies have established perfor-
mance goals and practical limits for solar
desiccant cooling systems.

e Experimental component testing at CSIRO in
Australia has been performed on rotary heat
exchangers and will begin soon on rotary
packed-bed silica gel dehumidifiers. The
results will be used to improve system designs
and verify the computer models.

Colorado State liniversity

e Experimental work has demonstrated the feasi-
bility of regenerating lithium chloride solu-
tions in packed towers. Values for the heat
and mass transfer coefficients have confirmed
theoretical values established in earlier
work. These results will aid in design of
open-cycle absorption chillers for air col-
lector systems.

Lockheed Missiles and Space Co.

Preliminary results of regeneration of 1lithium
chloride solutions on open-flow collectors have
been obtained using a small prototype collector,
and have shown the regeneration to occur as pre-
dicted by a model developed at SERI. The full
size (50 ft x 50 ft) collector will be finished
in time for experimental work during the summer
cooling season.

3-2

Arizona State University

e Tests of flow distribution over the fluid film
collector have been made to establish final
regenerator design criteria. The collector
will be operative for the summer testing
period.

University of South Carolina

e U of SC has installed a liquid desiccant chil-
ler with open-flow glazed regenerators on a
residence at Pawley's Island, SC. The system
using calcium chloride solutions as the desic-
cant, will be operational by June 1 for
testing through the summer.

The Zeopower Company

e The integrated zeolite collector has been in-
stalled and tested in three sites around the
country: Natick, MA; Golden, CO; and Tucson,
AZ. The collectors have been performing up to
the design levels under most conditions.
Problems with vacuum integity of the collector
appear to have been solved by design changes.

SERI

e A computer simulation model of a solid desic-
cant chiller has been developed and verified
by experimental data from SERI's desiccant
research laboratory. This model is able to
predict the performance of desiccant systems
in both cylcical and once-through configura-
tions, making it a flexible tool for analysis
of candidate systems.,

e The desiccant research laboratory is evalu-
ating the dehumidification performance of
packed beds of silica gel. Other desiccants
and desiccant bedlgeometries will be tested in
coming months.,

o A model of the' performance of open-cycle
absorption refrigeration systems has predicted
the ability of such a system to provide
heating as well as cooling, making an inte-
grated system possible for commercial applica-
tions.’

FUTURE ACTIVITIES

In the area of open-cycle desiccant systems,
current plans call for work to develop control
strategies and equipment, followed by field testing
of prototype units. Research will continue for
performance improvements through better system
designs, new or improved desiccant materials and
components such as high efficiency heat exchangers
and evaporative coolers., It is anticipated that
these efforts will increase system COP's and lower
system costs.

As mentioned earlier, researchers in the area
of liquid desiccants will be working during the
summer months of 1981 to gather data on regenera-
tion of the 1liqutd desiccant solutions. The
results of this work will determine the direction
of future research and development efforts. Current
plans call for construction and testing of proto-
type cooling systems to address the operational
problems that are anticipated.



DEVELOPMENT OF A SOLAR DESICCANT DEHUMIDIFIER

ATRESEARCH MANUFACTURING COMPANY

JEAN ROUSSEAU

CONTRACT NO. EG-77-C-03-1591

OBJECTIVE

The objective of this program is to design
and develop a 1-1/2-ton solar desiccant air
conditioner (SODAC) for residential application.
DESCRIPTION OF WORK
Concept

A schematic of the system is shown in Figure 1

the arrangement of the desiccant bed and regenerator

is depicted in Figure 2. The system, compared with
competing desiccant system approaches, incorpor-
ates three important features:

(1) Granular silica gel is used as the desiccant.

(2) Outside air precools the bed before it enters

. the adsorbing zone; heat removed from this

portion of the bed is used to preheat the bed

as it enters the desorbing zone, thus reduc-
ing the solar heat required for desorption.

The silica gel bed and regenerator are pack-

(3)

aged in thin cylindrical drums; this arrange-

ment provides large flow areas and minimum

bed depth resulting in a small pressure drop.

The schematic shown in Figure 1 depicts the
recirculated mode configuration whereby air from
the conditioned space is processed in the SODAC and
returned to that space. This configuration was
found to be more effective over a broader range of
operating conditions and was selected as baseline.
Also part of the baseline concept is the use of
two-speed indoor and outdoor fans; operation at
half-design flow rates was found to offer signifi-
cant advantages at reduced loads.

Scope of Work

The first phase of the program (completed in
September 1980) covered a three-year period and
was concerned with the design, tabrication, and
development testing of the SUUAL. The Phdse I
test program included (1) canfiguration develop-
ment , (2? design point optimization, and (3
limited off-design performance characterization.
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Figure 1. System Schematic
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The current second phase constitutes a continuation
of the test program and will result in complete
performance characterization in the recirculated
mode at full-flow and half-flow conditions. The
test program also will include performance testing
in the alternate ventilated mode, in which outside
air is processed in the SODAC and used for cooling
the conditioned space.

TECHNICAL ACCOMPLISHMENTS

Technical accomplishments are listed below for
both phases of the program. Details can be found
in the publications listed at the end of this
paper.

A photo-

® The SODAC design has been completed.
The

graph of the unit is shown in Figure 3.
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Figure 3.
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unit was designed for maximum COP within the
constraints of size and parasitic power usage.
A summary of the component characteristics is
presented in Table 1.

Preliminary testing has been accomplished. The
system was instrumented and installed in a con-
trolled atmosphere chamber at the Dunham-Bush
Harrisonburg facility. Preliminary performance
runs verified selection of airflow rates and
drum speeds.

The basic configuration of the bed and sealing
arrangement has been demonstrated. High leakag
rates around the seals were resolved early in
the program by partitioning the bed and modify-
ing the seals to overlap the vertical partition
within the beds.

The performance of all components met or
exceeded design values.
bed resulted in a 10 percent silica gel charge
reduction because of incorporation of partition
and stiffening rings. As a result, the nominal
capacity of the bed was reduced from 1.5 to 1.3
tons and the process flow rates were reduced by
the same ratio.

Table 1. Component Characteristics Summary

e

S

Rework of the desiccant

S

5

Desiccant Bed Regenerator

8 to 10 mesh silica gel 24 x 24 x 0.014 in. steel screen

Bed inside diameter: 31.3 in. Matrix inside diameter: 19.0 in.

Bed active height: 34.7 in. Matrix active height: 34.5 in.

Bed thickness: 1.25 in. Matrix thickness: 1.13 in.

Bed weight (dry): 110 1b Matrix weight: 165 1b

Rotating speed: 5 rph Rotating speed: 20 rpm

Working capacity: 3.1 percent Effectiveness: 90 percent

Pressure drop: 0.63 in. Hp0 Pressure drop: 0.19 in. Hp0
Airflow Rates Solar Heater

Residence airstream: 850 scfm Fffertiveness: 8RR parcont

Preconattioning airstream: 120 scfm
OQutside airstream (without pre-
conditioning air): 830 scfm

Arc: 86.6 deg
Heating rate:
Water flow rate:

35,000 Btu/hr
3600 1b/hr

CAPACITY, 1000 BTU/HR

TO RESIDENCE
62.29F DB/61°F WB

3430 LB/HR

The design-point performance was exceeded. The
capacity of the machine in the test configura-

tion was predicted to be 16,200 Btu/hr. Table 2
summarizes the experimental data obtained; pre-
dicted data are shown for comparison. Figure 4
shows design point performance obtained on test.

0ff-design performance has been obtained. The
off-design performance of the SODAC was obtained
over a range of interface conditions defined by
(1) indoor wet- and dry-bulb temperatures, (2)
outdoor wet- and dry-bulb temperatures, and (3)
water (solar heat input) temperature. These data
are shown in Figure 5 for design air flows and
also for half-flow conditions.

Table 2. Test Performance in Recirculated Mode

Full Flow Half Flow

Experimental Data

Capacity, Btu/hr

Coefficient of performance

Conditioned space air flow, scfm

Outdoor air flow, scfm

Water usage, gal/hr

Parasitic power (fans, pumps, and
drive), kw

7,400
0.56
380
490
2.0
0.24

16,200
0.59
760
925

3.9
0.8

Predicted Data
Capacity, Btu/hr

Coefficient of performance
Parasitic power, kw

16,200
0.52
0.75

8,000
0.46

Indoor temperatures: 80°F dry bulb, 67°F wet bulb
Outdoor temperatures: 95°F dry bulb, 75°F wet bulb
Water source temperature: 200°F

80.29F DB, 67.3°F W8
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Preconditioning Air Mechanical Drive 199.8°F EXHAUST
110.4°F 0B
Manifold arc: 22.5 deg Power requirement: 0.1 kw (max.) 84.99F we
N 4160 LB/HR
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e Correlation of test and computer data is excel-
lent. This is especially so at the full-flow

conditions (see Figure 6).

In general,

the

capacity of the SODAC is as predicted, while the
COP is higher by about 15 percent.

-@ The economic feasibility of the concept has been

demonstrated.

Economic analyses show that the

SODAC, when used in conjunction with a solar
heating system, will result in present value
benefits over the life of the system.
conclusions were reached using realistic data
for collector and energy cost.

CONCLUSIONS

These

e SODAC performance and potential-first cost com-
pares favorably with other solar air condition-
ing concepts for residential applications.

e Test data validate the basis for the studies
conducted earlier, showing that SODAC is a
viable economic option.
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FUTURE ACTIVITIES )

A second series of tests is in progress to
characterize the SODAC in the ventilated mode con-
figuration at full-flow and half-flow rates. Con-
currently, analyses are being conducted in an effort
to increase capacity and COP by mov1ng the parti-
tions within the SODAC, thus increasing the portion
of the bed exposed to the adsorbing airflow.

PUBLICATIONS

First Technical Progress Report, Development of
a Solar Desiccant Dehumidifier, March 31, 1978,
SAN-1591-1.

Second Technical Progress Report, Development of
a Solar Desiccant Dehumidifier, November 10, 1978,
SAN-1591-2.

Third Technical Progress Report, Development of
a Solar Desiccant Dehumidifier, June 12, 1979,
SAN-1591-3.

Phase 1 Final Summary Report, Development of a
Solar Desiccant Dehumidifier, September 1980
(awaiting DOE approval).

Phase I1 Technical‘Progress Report, Development
of a Solar Desiccant Dehumidifier, March 1981
(awaiting DOE approval).

Rousseau, J., and K. C. Hwang, Preliminary
Design of a Solar Desiccant Air Conditioner, paper
presented at the Third Workshop on the Use of Solar
Energy for the Cooling of Buildings, San Francisco,
February 1978.

‘Gunderson, M., Development of a Solar Desiccant
Dehumidifier, paper presented at the Third Annual
Solar Heating and Cooling Contractors Meeting,
Washington, D.C., September 1978.

Rousseau, J., Development of a Solar Desiccant
Dehumidifier, paper presented at the annual DOE
Active Solar Heating and Cooling Contractors Review
Meeting, Lake Tahoe, March 1980.

CONTRACT INFORMATION

1. Raseline

system test

2. SODAC modification

4. Final report

3. Updated configuration test

s 1 - ;
START DATE eptember 1, 1977 END DATE__ SePtember 1, 1981 CONTRACT VALUE $814,329
MILESTONES -
Itemn: Due date:

April 30, 1981
May 30, 1981
July 30, 1981

October 1, 1981
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HEAT . AND* MASS TRANSFER CHARACTERISTICS-OF LIQUID DESICCANT OPEN FLOW COLLECTORS

Arizona State University

Byard D. Wood

SER| XE=-0-9179-2

O0BJECTIVE

The goal of this project Is to evaluate the
technlical and economic viabllifity of open flow {iquid
desiccant collectors for use ‘In conjunction with
solar coollIng/dehumidification applications. The
speclfic objective is to determine the heat and mass
transfer characteristics for a prototype collector
in a hot arid climate.

DESCRIPTION OF WORK

Open cycle absorption refrigeration Is a method
of uslng solar energy for cooling that may prove to
be economlically viable. A key component of such a
system |s the collector/regenerator. The collector/
regenerator Is an open, flat plate solar collector
over which the absorbent flows in a thin film. The
solution starts at the top of the plate as a weak
absorbent and water vapor Is driven out of the
solution as It flows over the collector, This
regenerates the solution so that a strong solution
flows off the bottom of the collector. This strong
solutlion (deslccant) can then be used to absorb
water vapor in the absorber, when the water vapor
comes from the evaporation of water In the
ovapui alur, The ¢ooling effect comes from this
evaporation.

The scope of work for this project Includes the
design, construction and testing of a 10.7 x 10.7
meter prototype collector/regenerator. Heat
transfer and mass transfer rates are to be measured
for at least one month during the Phoenix cooling
season. Init+ial tests for the unglazed open flow
collector will be for a 45 wt § LiCl-Water solution

at flow rates of up to 0.60 kg/s. Salinity and -
temperature measurements will be made at 1.5 m
Intervals In the flow direction and 3m Intervals in
the +transverse direction. The heat and mass
transfer data will be correiated with the solar/
meteorological variables such as amblent wind speed
and direction, ambient wet and dry bulb temperature
and Insolation.- :

TECHNICAL ACCOMPL I SHMENTS

o Scale model test apparatus has provided
prel iminary data on flow distribution and
surface effects.

o Flinal design of prototype collector/
» regenerator has been completed wilth
construction baslically on schedule.

o Instrumentation and data analysis has been
determined.

FUTURE ACTIVITIES

Preliminary data and analysls suggest that the
eol lectoi /1 wyunwrator witl work. Further develop-
ment Is anticipated to optimize (performance/cost
ratlo} collector surface and inlet flow geometry.
This work Is Important In the synthesls of open
cycle solar absorption coolling.

PARTICIPANTS
M. Breslauer, G. Buck, D. Siebe, B. Wood

CONTRACT INFORMATION

START DATE_Aug. 15, 1980 END DATE Sept.—30,. 1961 CONTRACT VALUE

AN

$£114,953

Item:

1. Collector/Regenerator Design Speciflications

2. Construction of Prototype Col lector

3. Testing of Prototype Collector

4. Data Analyses and Evaluation

' MILESTONES

Due date:
~ March 1981

June 1981

" August 1981

September 1981




OPEN CYCLE LITHIUM CHLORIDE (SOLAR)COOLING

COLORADO STATE UNIVERSITY

GEORGE 0. G. LOF
DE-AC03-79CS30206

OBJECTIVE

The objective of the investigation is the
experimental determination of evaporation rates and
the coefficients of heat transfer and mass trans-
fer in a packed column designed for use in an open
cycle 1ithium chloride absorption cooling system

- operated by solar heated air.

INTRODUCTION

The concept of an open cycle LiCl absorption
air conditioner has been examined as a possible
solution to the need for a cooling system which
can be combined with and operated by a solar air
heating system. Soviet researchers have built
and operated a 10-ton cooling system based on
this principle in an apartment building near
Ashkabad in the USSR [1]. In constrast with con-
ventional absorption refrigeration systems in
which-both the absorbent and refrigerant circu-
late in a closed cycle, only the absorbent, a
1ithium chloride solution, is recirculated in
this open cycle. Water, the refrigerant, is con-
tinually evaporated to the atmosphere, and must
therefore be continuously added to the cycle.

The condenser and generator normally used in a
conventional closed cycle system are not necessary,
so there is a substantial reduction in equipment
requirements.

The reconcentration of the lithium chloride
solution in the Russian air conditioner is ac-
complished by trickling it across a gently sloping
black roof which is directly exposed to solar
radiation. The absorbed solar energy, and a hot,
low humidity atmosphere, permit adequate reconcen-
tration of the solution for return to the absorber.
In the absorber, water vapor from the evaporator
is again absorbed, and the cycle continues. The
refrigeration effect is obtained by low tempera-
ture (less than 5°C) evaporation of the added
water. ‘

This system has been successfully operating
for more than 5 years. As designed and operated,
it has several limitations which prohibit the de-
sign from being utilized in more humid locations.
Rainfall and high relative humidities cannot be
tolerated since dilution of the solution and in-
adequate reconcentration would prevent satisfac-
tory operation.

In order to broaden the application of the
open cycle system to less arid locations, the
possibility of reconcentrating the absorbent solu-
tion in a packed bed (stripping column) by means
of solar heated air was investigated in a theo-
retical study by Leboeuf and L8f [2] at Colorado
State University. Figure 1 is a schematic dia-
gram of the USSR system as modified for use with

solar heated air. The roof used for reconcentrat-
ing the LiC1 solution in the USSR installation has
been replaced (theoretically) by a packed column
through which the LiC1 solution trickles counter
current to a rising stream of solar heated air.
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Figure 1.. Schematic of the Open Cycle
Absorption Air Conditioning System

On the basis of not fully adequate mass trans-

.fer data in the literature, it was found in the

theoretical analysis that a packed column of con-
venient size should be suitable for reconcentrating
LiC1 solutions by means of air heated to tempera-
tures of 70°C to 90°C. Packed heights of less than
one meter and column diameters of about one-half
meter were estimated to be sufficient for evaporat-
ing about 15 kg of water per hour (roughly equiva-
lent to 3 tons of refrigeration) from LiCl solu-

.tions with air at temperatures conveniently avail-

able from an efficient flat plate solar air
collector.

To substantiate the theoretical analysis, and
specifically, to verify the mass transfer and heat
transfer coefficients assumed in that analysis, the
present experimental investigation of evaporation
rates from LiCl solutions in a packed column was
undertaken. Only bBy. experimental measurement of

mass and heat transfer rates in a well instrumented

system could the necessary confidence be placed in
the capability of such equipment to accgmplish the
reconcentrating function. Finally, reliable sizing
of a packed column for use in a complete solar cool-
ing system of the open cycle LiCl type requires mass
transfer data of an accuracy obtainable only by

measurements under conditions comparable to those

involved. in practical operation.
EXPERIMENTAL APPARATUS

Figure 2 shows the experimental system for
measurement of heat and mass transfer rates under
various conditions of operation. - The main com-
ponent {s a packed column shop-fabricated from
copper sheets. It is 50 cm in diameter and 1.8 m
high. The column is provided with piping
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connections for supplying liquid to the’top of the
column and withdrawing 1iquid from the bottom
section. Air is introduced at the bottom through

a 30 cm duct. A perforated base plate has been
provided at the bottom to support the packing of
1-inch ceramic Raschig rings. The solution is
distributed uniformly over the packing by means of
a perforated copper plate located just below the
liquid entrance in the upper section of the
column. (Spray nozzles first used for liquid sup-
ply were found unsatisfactory for uniform distri-
bution of the solution over the packing). The
pgcked bed height can be varied up to a maximum

of 75 cm.

The column is supported on an elevated plat-
form so the solution can drain by gravity into
the pump suction connections.

Air is supplied to the packed column at
variable rates, temperatures, and humidities from
a system consisting of a centrifugal blower, a
propane gas air heater, a humidifier, and flow
meter. The belt driven blower has the capacity
to deliver air at rates up to 2.83 m3/min (800
cfm). The combination of a damper near the col-
umn inlet, g vent following the blower, and several
motor/blower speed ratios provides adequate air
flow variation and control. The propane gas
heater has the capacity to heat air up to 110°C
(230°F) by varying the fuel flow to the burner by
a pressure regulator. Air can be humidified to the
desired inlet conditions by the combination of mois-
ture from propane combustion and by direct water
spray into the air supply duct.

The local velocity of the airstream at the
center of the entrance duct is measured by use of
a pitot tube and micromanometer readable to 0.00?5
cm water gage. This measurement is made at a point
about 1 m before the entrance to the column. -The
orifice meter was calibrated against the pitot
tube and used as the operating control meter for
air flow uniformity. Air temperatures and'humidrty
are measured at the column entrance and exit. )
Copper-constantan thermocouples and a mu]t1-p01nt
strip chart recorder are used, and humidity measure-
ments are made by means of a recording dew Eo1nt
hygrometer. The air sampling tubes to the hygro-
meter are electrically heated to prevent condensa-
tion of moisture in the sampling lines.
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The desiccant solution flow rate is measured
by visual reading of a calibrated rotameter.
Temperatures of solutions entering and leaving the
column are measured by copper constantan thermo-
couples and strip chart recorder. The concentration
of LiC1 in solution is determined by measuring the
specific gravity of samples to within 0.0001 by
use of a picnometer.

EXPERIMENTAL PROCEDURE

Experimental runs were performed with air in-
let temperatures of 60°C to 105°C (140°F to
220°F), lithium chloride concentration from 9% to
35%, and air flow rates from 1.06 to 1.77 m3/min
(300 to 500 cfm). The liquid flow rate was
5.67 liters/min (1.5 gallons per minute). The
packed bed consists of a 23 cm height of 2.54
em (1-inch) Raschig rings.

After the fan, propane burner, and solution
pump were started, the air flow rate was brought
to the desired value by adjustment of damper and
vent openings. Liquid flow was observed by
rotameter position and regulated by control valve.
Air temperature was then brought to the proper
level by adjusting the fuel pressure to the burner.
Inlet humidity was found to be in a suitable range,
partly by the moisture from gas combustion, so no
additional increased water spray was required.

The Tithium chloride solution was neither
heated nor cooled, but allowed to reach equili-
brium temperatures in the Tiquid circulation
loop. The strip chart record of liquid and air
temperatures and air humidities was continuously
monitored, usually for about half an hour, until
all values had stabilized at essentially constant
levels. A sample of the solution was then drawn
for subsequent specific gravity measurement, and
the final chart readings were used in the calcula-
tion of heat and mass transfer coefficients.

RESULTS AND DISCUSSION

It was found difficult to create a complete
adfabatic conditon in practice as assumed in
theoretical study. There was a considerable loss
of heat to the atmosphere in spite of insulation
to the tower. Also it must be noted that experi-
ments were conducted in windy weather and snowy
conditions which increase heat losses. Rough
estimations of heat loss were found to be on the
order of 19% and corrections were made to the heat
transfer coefficient for this loss.

A second possible reason for departure from
theory is incomplete wetting of packing. It is
generally difficult to check the degree of wetting.
Studies have shown that the mass transfer coeffi-
cient is strongly affected by wetting.

The principal results of the investigation are
shown in Table 1. Coefficients of heat transfer
and water vapor transfer measured at two levels of
air flow over a range of air temperatures and
humdities are tabulated. Also listed are the com-

uted values of the heat transfer coefficient
based on the McAdams T2] empirical relationship:

hgay = 1.7860-70-070.0023(t) (1)

also used by Leboeuf and L8f [3] in the previous
theoretical study of this process. in this

equation, )
= 2
te =t * (tG+tL)/2.



Table 1.

Air Liquid Air Air Air Air

Liquid Liquid

Mean

Interface Evaporation Heat Transfer Theoretical Mass

Flow Flow Inlet Outlet Inlet Outlet Inlet Outlet Liquid Humidity Rate Coefficient Heat Transfer
Rate Rate Temp. Temp. Humidity Humidity Temp. Temp. Concen- 1b Hy0/ 1bs/hr Btu/hr sq/ft°F Transfer Coefﬂc\er;t
(cfm) gpm F SF 1b H,0/ b H,0/ *F ] tration b ai Coefficient 1b/hr ft
& < % At Btu/hr sq FtoF
1b air 1b air
426 1.5 146 86  0.01268 0.02 79 80 9.5 0.0212 13.6 671 451 2232
426 15 228 126 0.016 0.0249 101 102 21.4 0.0294 16.6 455 517 1242
426  §5 - 228 124  0.0167 0.0288 101 102 21.4 0.0339 22 478 517 1384
426 1.5 228 126 0.0175 0.027 100 100. 22.4 0.0318 1l 446 517 1243
342 1.5 186 112 0.0120 0.0237 96 97 17.8 0.0349 17.5 388 427 646
342 15 200 132 0.,0083  0.0280 110 110 28.2 0.0321 29 316 448 1607
342 135 178 104 0.0116  0.0203 97 98 27.4 0.0260 13 467 623 844
342 1.5 176 108 0.01M1 0.0174 102 102 27.6 0.0263 9 564 423 533
342 1.5 188 108  0.0120 0.0220 102 105 29.5 0.0238 14.9 659 435 1710
342 1.5 185 116 0.0164  0.0288 93 94 12 0.0358 18.5 320 425 930

Although the McAdams equation is based on experi-

mental measurements with pure water in a column

packed with 1-inch rings, the degree of agree-

ment with the results of the present work with

}}thium chloride solutions is within expected
mits.

The experimental set up is designed to evapor-

ate about 11 1bs/hr of water which is equivalent
to 1 ton refrigeration capacity. Results in
table show that this evaporation rate can be
practical in packed column.

TECHNICAL ACCOMPLISHMENTS

o Coefficients of heat transfer and mass transfer in
a packed column in which water is vaporized from

a LiCl solution by heated air have been experi-
mentally determined.

o The influences of air flow rate, humidity, and
temperature on the coefficients of heat transfer
and mass transfer in a packed column in which
water is vaporized from a LiCl solution by
heated air have been experimentally determined.

o Theoretical predictions of transfer coefficients
and packed column sizes in an open cycle LiCl
solar cooling system have been experimentally
verified.

o The feasibility of operating an open cycle
cooling system in which LiCl solutions are con-
centrated in a packed column supplied with solar
heated air has been established.

CONTRACT INFORMATION
31 May 1981
Pt s

START DATE 15 Sept. 1979 END DATE

CONTRACT VALUE

FUTURE ACTIVITIES

Having established the feasibility of con-
centrating LiC1 solutions with air from a con-
ventional solar air collector, the design and
testing of a complete solar cooling system is
required. Essential to the satisfactory operation
of this system is the deaeration of the solution in
the partial vacuum of the absorber-evaporator
chamber. Continuous or intermittent removal of non
condensible gas (air) by a vacuum pump is required.

It is possible that a pre deaeration of the LiCl solu-
tion leaving the packed column will reduce the vacuum
pumping requirements. In negotiation, therefore, is a
contract between CSU and DOE to investigate the
deaeration/vacuum requirements of this sytem, as well
as a study of possible problems in accumulation of
dissolved salts that are introduced to the system in
the make up water supply.
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TESTING OF A CROSS-COOLED SOLAR POWERED DESICCANT COOLING SYSTEM

ILLINOIS INSTITUTE OF TECHNOLOGY

ZALMAN LAVAN AND DIMITRI GIDASPOW

EG-77-C-01-4042

OBJECTIVE

To test a solar powered desiccant cooling
system using two fixed bed cross-cooled silica gel
dehumidifiers. The process stream channels are
lined with silica gel sheets and the bed is cooled
by air flowing in perpendicular channels. The
dehumidifiers undergo adsorption, preheating,
desorption and precooling in a cyclic fashion.

The cooling capacity of the experimental system is
one ton at ARI design conditions. The system has
a high cooling capacity, high COP, low parasitic
power consumption and requires low regeneration
temperatures.

DESCRIPTION OF WORK

A solar powered cooling system which uses the
concept of cross-cooling to lower the regeneration
temperature was developed at IIT. The cross-cooled
dehumidifier uses silica gel sheets developed at
IIT (1). The equilibrium and sorption dynamics
were studied and modeled (1-2). A cross-cooled de-
humidifier model was tested and compared to ana-
lytical predictions (3, 4, 5 and 6). Using these
results, a 1 ton prototype was built and the effect
of several parameters was studied and is docu-
mented (7, 8). The present paper deals with a
complete desiccant cooling system consisting of
two heat exchangers, solar collectors, three
evaporative coolers and two cross-cooled dehumi-
difiers. Figure 1 shows the two stack mounted
dehumidifiers complete with electronic air filters,
dampers and inlet and outlet fittings.

Figure 1.

Dehumidifier Assembly
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Each of the two dehumidifiers is cyclicly
switched through four modes: Adsorption, preheat-
ing, desorption and precooling. Figure 2 shows
the flow arrangement. Air from the solar house is
first being dried in the adsorbing dehumidifier
while a stream of humidified ambient air is passed
in the cooling channels. The dehumidified air is
further cooled towards the ambient wet-bulb tem-
perature in a heat exchanger which consists of two
pebble beds that are periodically cycled. Fipally,
the air is rehumidified as it is passed through
the flutes of an evaporative cooler.
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Figure 2. Sorption Mode Flow Schematic

A 21 m2 air collector array has been installed
Lo heal anmbient air for regeneration of the desic-
cant. (An electric heater is also available to
simulate the solar input when desired.) Sensible
heat ic recovered in a cnunterflnw recuperator.
During the purging periods (preheating and pre-
cooling), the cooling channels of the two units
are connected In series and sensible heat from the
dry hot unil is used to preheat the wet bed in
preparalion for the subsequent sorption perlud.
Four 'four-way' dampers have been designed to
implement the switching of the process and cross-
cooling streams. The cross leaks between the air
streams inside the dampers have been found to be
less than 1%. The system instrumentation includes
thermocouples, thermopiles, orifice plates and dew
point hygrometers. A microprocessor based data
acquisition system Is used Lu cullect, process and
store data from the sensors.

Figure 3 shows the effect of regeneration
humidity on COP. The three curves represent the



experimental performance of a single dehumidifier
prototype, the analytical prediction for the pre-
sent configuration and the predicted performance
for counterflow periodic operation. It can be
seen that the performance is very sensitive to
variations in ambient absolute humidity. The
ambient stream absolute humidity has a similar
effect on the cooling capacity as can be seen in
Figure 4. These tests results show that at ARI
conditions the unit will hdave a COP of 0.60 and a
cooling capacity of 12.25 kJd/kg.
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~and for the sheets.
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NUSSELT NUMBER
~

For optimum design of dehumidifiers, it is
necessary to understand the dynamics of sorption.
The dynamics was studied isothermally for three
different desiccant sheet thicknesses; 0.076,
0.152 and 0.318 cm. Typical results at one dimen-
sionless contact time, X, are shown in Figure 5,
expressed as dimensionless mass transfer coeffi-
cients, ‘called Nusselt numbers for the channel
The channel Nusselt numbers .
are close to the theoretically expected value of
1.345. The desiccant mass transfer coefficients
are highly time dependent, casting doubt on the
validity of standard models used in desiccant
design. Figure 6 shows typical fluxes of water
vapor at various dimensionless lengths, x. Note
the expected motion of a humidity wave.
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Figure 5. Mass Transfer Coefficient for Three

Desiccant Sheets -

10 THICKNESS = 0.078

3 [ [

FLUX x10% (GR. OF H,0/cm’ SEC)
n

0 1 ) U T | i 1 L 1 1 1 ! 1 i 1
[+] 9 8 2 6 20 29 ‘28
TIME (MIN.)

Figure 6. - Humidity Sorption Rates

A second law analysis of open cycle desiccant
cooling systems was carried out in order to deter-
mine their maximum possible cooling performance (9).
It was found that the isentropic COP increases as
the ambient absolute humidity decreases. At ARI
conditions, this COP is higher than for closed
cycle systems operating at the same dry bulb
temperatures. Since cooled dehumidifier systems
can be regenerated at lower temperatures than
adiabatic systems the actual performance of cooled
systems is closer to the isentropic limit.



TECHNICAL ACCOMPLISHMENTS

® A manufacturing process was developed to form
silica gel material into paper-like sheets.

A 15 x 15 x 15 cm cross-cooled silica gel
dehumidifier model was designed, constructed
and tested.

Sorption isotherms of the silica gel sheets
were determined in the range of 22-80°C
for relative humidities between 5% and 95%.

The cross-cooled dehumidifier was modeled and
a complete cooling system using two fixed bed
dehumidifiers was simulated.

"3,

A 0.6 x 0.6 x 0.6 m cross-cooled dehumidifier
prototype has been manufactured and extensively
tested over a wide range of simulated operating
conditions.

A mathematical model for laminar flow through
an isothermal dehumidifier considering macro-
micro pore diffusion was developed. The model
was fitted to transient experimental data.

A complete one ton cooling system using two .
cross-cooled dehumidifiers and solar collectors
has been built and is being tested. The number
of dampers used to implement the switching of
the dehumidifiers is four.

A second law analysis was applied to open
cycle desiccant cooling systems, revealing
their potentials and theoretical limitations.
The actual performance of cooled desiccant
systems is closer to the isentropic limit
than in the case of adiabatic systems.

ACTIVITIES

The outdoor cooling system is being tested
and the performance will be simulated.

5.
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Post-contract activities. A two ton unit
which will incorporate design modifications will
be built and field tested. A two stage high COP
(greater than unity) cooling system in which the
condensing steam of the first stage activates the
desoeption of the second stage will be investigated.
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SOLAR-MEC® DEVELOPMENT PROGRAM

INSTITUTE OF GAS TECHNOLOGY

Robert A. Macriss, Jaroslav Wurm, Thomas S. Zawacki and John A. Kinast

DE-AC03-77CS34495

O0BJECTIVE

- 1GT s currently developing under contract to
DOE laboratory performance data, and a seasonal
performance model based on these data, with a
redes1gned SOLAR-MEC® (System III) res1dent1a1-
size solar heating/cooling unit, developed under
an earlier phase of this DOE funded program. The
purpose of this overall effort is to complete the
laboratory development effort, including effective
control strategy to maximize seasonal heating and
cooling performance, as the first step towards
potential commercialization of this improved and
versatile solar-gas residential space conditioning
system,

BACKGROUND

The SOLAR-MEC is a versatile solar- and solar-
gas-powered space conditioning system that can
provide an effective combination of environmental
control’ services (space heating and cooling,
ventilation, and humidification/dehumidification),
under a wide range of climatic conditions and
building types. As a result of over 10 years of
analytical, experimental -and field-testing exper-
ience with the SOLAR-MEC system, IGT has recently
developed an improved solar- and solar-gas-powered
unit (designated as System III) of 3-ton capacity,
the culmination of a 3-year effort supported by
the U.S. Department of Energy (DOE).

The specific characteristics of this improved
SOLAR-MEC unit (System III) are:

Advanced prucess design features that
incorporate staged reactivation of the

dryer wheel, and unbalanced flow design

and operation of the sensible heat exchanger,
to maximize seasonal performance factor (SPF)
for cooling and to reduce "parasitic" power
consumption.

Improvement of the hardware and resultant
performance and 1ife, through component
and unit assembly modifications such as
exchanger wheel drives, air seals, heat
exchanger wheel fabricatiun, burner and
fans, and evaporator pad materials.

Replacement of the desiccant asbestos sub-
strate by a novel, non-asbestos matrix.

Brief laboratory tests with the "improved"
SOLAR-MEC (System III) unit were performed, towards
the end of the early DOE-funded phase.of this pro-

gram, and the performance obtained demonstrated the-

potential of this improved design. The results of
these tests were pre;ented at the March 1980 Annual
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Review Meeting of DOE's Active Solar Heating and
Cooling Contractors in Lake Tahoe, Nevada. The
objective of the current (on- go1ng) phase of this
program derives from these preliminary results.

SUMMARY

The specific accomplishments of the present
phase of this program to date are:

1. Development of detailed laboratory per-
formance data with the improved design
(System III) unit under a variety of ambient
and indoor dry and wet bulb temperatures,
simulating several climatic conditions
corresponding to a variety of cooling loads.

Development of laboratory data with the unit
operating in the ventilating (conditioning
outdoor supply air) and the recirculation
(conditioning room return air) modes.

Both solar-only and combined solar-gas
reactivation of the desiccant wheel were
tested under these conditions.

Development of a seasonal performance simula-
tion model (based on the above data) that

can be*used to predict gas, solar and para-
sitic energ consumption of the improved unit
(System III{ under given demand load. The
model can also be used to provide fundamental
variations in the output of the unit (for
heating and cooling) with changes in input
weather conditions of temperature and humidity.
Alternatively, and for fixed weather conditions
and level of reactivation temperature, the
model is capable of predicting delivered
temperature and humidity of the supply air.

Details of the data and seasonal model are
presented in the next section of this report.

TECHNICAL ACCOMPLISHMENTS

A schematic of the improved SOLAR-MEC (System .
III) unit is shown in Figure 1. The specific
design improvements of this unit (as compared
to the original SOLAR-MEC system configuration)
are: ’

Staged reactivation of the desiccant wheel
to increase cooling coefficient of perfor-
mance (COP) .

Unbalanced flow design and operation of the
heat exchanger wheel to increase cooling
capacity

Non-asbestos desiccant wheel matr1x, and

Hardware improvements (seals, fans, drives,
etc.) to reduce parasitic power requirements.



The System III unit underwent intensive
laboratory testing and evaluation during the
present phase of the program. For this purpose,
IGT's SOLAR-MEC test facility was employed after
modifications to enable firing the unit with 230°F
(incoming temperature) pressurized water to sim-
ulate the output from advanced concentrated
collectors. Tests with the unit were carried out
under low- and high-temperature solar-only firing
and with combined solar-gas firing. Performance
data obtained relate to unit capacity, COP and
Solar EER values with the unit operating in the

"Ventilating" and "Recirculation" modes. Examples
of the data obtained are presented which show the
differential performance of the unit under these
two operating modes and variable input conditions
of indoor-outdoor temperature and humidity, simu-
lating a range of cooling loads for the unit,

Tables 1 and 2 summarize the effect of outdoor
dr /~-bulb temperature on unit performance, at con-
stant ARI indoor conditions of 80°F dry-bulb and
67°F wet-bulb temperatures. Each of these tables
also shows the effect of the operating mode (ven-
tilation-recirculation) on performance under these
conditions.' Table 1 presents results with the unit
operating under low-temperature solar input for
desiccant wheel deactivation. This type of input
corresponds to incoming water temperatupe of 180°F
and equivalent average reactivation temperature of
160°F. The results of Table 1 show that under Tow
temperature reactivation conditions, recirculation
is the preferred mode of operation, resulting in
average EER values at ARI outdoor conditions
(95°F dry-bulb and 75°F wet-bulb or 14 parts per
thousand moisture content of air) of about 18.

The serious deterioration of the unit's performance
(under ventilation mode) at high ambient dry-bulb
temperature (105.6°F) is also noted in Table 1.

At high-temperature saolar input (incominy
water Lemperature of 230°F, equivalent average
reactivation temperature of 205°F), as shown in
Table 2, the recirculation mode is still favored
although, under both modes, EER values over 20 have
been achieved, at ARI outdoor conditions. Table 2
also shows that, under the higher temperature of
reactivation, the reduction of performance at
extreme ambient dry-bulb temperature is not as
severe as in the previous case (Table 1).

Similar results are obtained for solar-gas in-
put desiccant reactivation (incoming water temper-
ature of 180°F and supplemental gas firing to
result in mixed-cup reactivation temperature of
195°F), as shown by the resultsof Table 3. Table 4
summarizes the effect of indoor dry-bulb tempera-
ture on unit performance with high-temperature,
solar input desiccant reactivation at constant
~ ARI outdoor conditions. With regards to preferred

operating mode, similar conclusions are drawn
as with results of Tables 2 and 3, i.e., the recir-
culation mode is still favoredbut EER values over
20 are achievable when operating with either mode.

] Another task of this phase of the program

.was the development of a model for seasonal
performance simulation, based on the data ob-
tained in the laboratory. For this purpose, the
data obtained were aggregated in the manner
presented in Tablesl to 4, in order to provide
trend-lines of the effect of one variable at a time
on system performance.

MEC-SOLAR COLLECTING SYSTEM

)

l HEAT
HUMIDIFIERS = -~ BURNER
AR TO SOLAR
ROOM HEATING el
coiL
TH
STREAM \;‘"m SCELAR
AMBIENT ‘ MECGRUINIIT)
SYSTEM Wi
OUTDOOR COOLING
TEST CONDITIONS INP cma;m
MO, DB,¥ _ PPT BTU/HR BTU/HR cop EER MODE
36 75.3 14.3 40900 26900 0,66 24,2 RECIR
37 85.0 14.4 40500 23600 0.58 20.0 RECIR
46 94,6 14.0 38700 20000 0,52 17.7 RECIR
63 105.0 14,0 39000 17300 0.44 15.6 RECIR
13 74,8 13.9 41300 19800 0.48 16.6 VENT
60 84,9 14,0 36400 16600 0.46 14,6 VENT
48 94,8 14,2 34600 13000 0.38 11.1 VENT
10 105.6 4.3 75000 9300 0.28 8.3 VENT
TABLE -1, EFFECT OF OUTDOOR TEMPERATURE
““oN cAncm( 89? AND EER
wiTH Low-TeMPERATURE (180°F) SOLAR WATER FIRING
(160°F MIXED-CUP EQUIVALENT REACTIVATION TEMPERATURE)
AND AR1 INDOOR_CONDITIONS
(80°F DRY-BULB, g7'F WET-BULB)
OUTDOOR COOLING
TES CONDITIONS INP CAPAGITY
NO. DB,F_ PPT BTU/HR BTU/HR cop EER MODE
2% 753 142 70800 40800 0.58 334 Recir
51 85.0 14.2 63900 35500 0.56 30.1 RECIR
28 95.4 13,9 71200 - 32500 0.46 27.5 RECIR
29- 104.6 14,0 63700 29300 0.46 24,8 RECIR
52 75.0 14,2 56400 32900 0.58 28.6 VENT
50 85.3 14,2 61700 33200 0.54 28.4 VENT
54 95.0 .0 50000 25500 0.51 22,0 VENT
55 104.9 14,0 45300 21700 0.48 17.8 VENT
TABLE 2, EFFECT OF OUTDOOR TEMPERATURE

ON CAPACITY, 525 Ayn EER
ITH HIGH-TEMPERATURE (230°F) SOLAR WATER FIRING
(205°F MIXED-CUP EQUIVALENT REACTIVATION TEMPERATURE)
AND ARI mnoog CONDITIONS
(80°F DRY-BULB, H7°F WET-BULB)



OUTDOOR COOLING
}Eﬂi gg¢2‘7l32$ BTu/uR 50 ;;v ' cop | EER MODE
120 74.8 4.0 59300 - 33900 0.57 287  RECIR
130 85.0 14,1 58800 30500 0.52 26.1  recr
119 94.4 14,2 60300 28700 0.48 24,1  RecIr
129 105.2 14.2 59100 26100 0.44 22,3 RecIR
. N | .
112 75.0 1.3 58200 29200 '0.50 24.7 VENT
1 84.8 14,2 57100 27500 0.48  22.9  vewt
127 94.8 14,1 51800 25000 0.48  20.8  vewr
131 104.9, 14.3 50200 21300 0.42 17.3 VENT

/

TABLE 3. EFFECT OF OUTDOOR TEMPERATURE
ON CAPACITY, COP AND EER
WITH LOW-TEMPERATURE SOLAR WATER FIRING COMBINED WITH
GAS-FIRING TO RESULT IN .
EQUIVALENT REACTIVATION TEMPERATURE OF 195°F
AND ARl lnnog§ CONDITIONS
(80°F DRY-BULB, b/°F WET-BULB)

-

Least-squares analysis was subsequently used to
convert the resultant trend lines into polynomial
forms for ease of manipulation together with weather
solar, and structural load computer programs, to
derive unit seasonal performance. Figures 2 and 3-
show typical examples of the trend lines through
the actual data. Figure 2 presents the variation of
SOLAR-MEC (System IIT) unit's delivered air temper-
ature with outdoor dry-bulb temperature, at two
levels of outdoor humidity, with the unit operated
-in the ventilation mode at ‘low-temperature solar
:nput for desiccant reactivation. Equation 1, be-

oW, .

Td = 32.84 +0.12 To +1.35 Ho (1)

shows analytically the trend-line relationships of
Figure 2 where —

—
[}

d Delivered Air Temperature, °F

Outdoor Air Temperature, °F

xr
[} n

0 Outdoor Air Humidity, ppt

68

- vutdour Rumldd ey

66 A 9.9 ppt
0 14.0 ppt

64

62

60

s | ___,,.——""——‘———

Delivered Tempersture, *P

55

e, A - e A A

70 80 90 100 110

Outdoor Temperature, *F
Figure 2.

CUNFARISON OF TRCT DATA T™O MONEL PREVICTION,
VENTILATION MODE, LOW TEMPERATURE, SOLAR WATER
REGENERATION, AT ARI INDOOR CONDITIONS
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INDCOR COOLING

Noo  Ba® e BWiR  Brofm  cop  EeR  MoDE
31 75,2 10.9 61600 27500 0.45 23.7 RECIR
28 80.0 11.0 71200 32500 0.46 27.5 RECIR
32 85,0 11.2 57000 34800 . 0.61 30.0 RECIR
23 75.1 10.9 54400 23800 0.44 +20.5 VENT
54 79.7 11.0 50000 25500 0.51 22.0 | VENT
20 84,7 11.0 55700 - 30200 0.54 27.7 VENT

TABLE 4, EFFECT OF [NDOOR TEMPERATURE
ON CAPACITY, 528.A§D EER
EITH HI1GH-TEMPERATURE (230°F) SOLAR WATER FIRING
(205°F MIXED-CUP EQUIVALENT REACTIVATION TEMPERATURE)
gnn ARI ouTnoog CONDITIONS
(95°F DRY-BULB, /S°F WET-BULB)

B

) Similarly, Figure 3 presents the variation of
delivered air humidity with outdoor dry-bulb
temperature at identical other conditions, as
for Figure 2. Equatioq 2, below

Hy = 0.9 +0.49H + (0.089 — 0.00089 H
? 32 ’
2 o — .
+0.00016 K2) (—=5%) (2)

shows analytically the trend-line reiationships of
Figure 3 where —

H

1

d Delivered Air Humidity, ppt

H0

Outdoor Air Humidity, ppt

Equations 1 and 2 are only valid for low-.
temperature solar input for desiccant reactivation,
with the unit operating in the ventilating mode.
Similar equations have been formulated for all i
other conditions encompassing the data developed
in the laboratory.

FUTURE ACTIVITIES

() Completion of the laboratory testing of the
SOLAR-MEC (System III) unit and use of the
data to complete the seasonal performance
model formulation :

° Improvement of the unit's seasonal pefformance

through the development of effective operating
and control strategy.

-
Qutdoor Humidity
1zl 9.9 ppt
0 16.0 ppt
“
o
a
s
2
- -
i ~
x
- .
M
S 1w L
3
&
9 b
4
8 A

110

70

Qutdonr Temperature, °F

Figure 3.

COMPARLISON OF TEST DATA TO MODEL PREDICTION,
VENTILATION MODE, LOW TEMPERATURE, SOLAR WATER
REGENERATION, AT ARL INDOOR CONDITIONS
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HEAT AND MASS TRANSFER CHARACTERISTICS OF LIQUID DESICCANT
OPEN-FLOW SOLAR COLLECTORS

Lockheed-Huntsville Research & Engineering Center, Huntsville, Alabama 35807

Philomena G. Grodzka and Suzanne S. Rico

Contract SERI XE-0-9179-1

(OBJECTIVE

The project objective is to accurately deter- .
mine the heat and mass transfer rates of a lithium
chloride salt solution flowing as a film across a
solar-absorbing surface in a hot, humid climate.

. The goals to be accomplished in this project are to
construct and equip with plumbing a 50 foot by 50
foot south-facing, slanted test structure; to surface
this structure with a covering which will maintain
a continuous, thin-flowing film of lithium chloride
solution; to instrument the structure to provide
temperature and concentration data at a number of
locations on the structure as well as insolation,
wind and humidity data; to obtain at least 30 days
of data in the period June through July 1981; to
analyze the test results and compare them with the
results of an analytical model; and to improve the
model as necessary..

DESCRIPTION OF WORK

Desiccants provide a means of storing solar
energy as chemical energy. Such stored energy
can be utilized for cooling or heating applications.
Absorption refrigeration is an application that ap-
pears particularly promising. Various approaches
to dehydrating liquid desiccant for absorption re-
frigeration have been pursued by a number of re-
searchers. The open-cycle approach, although
possessing a number of attractive features, has
received relatively little study thus far. The pre-
sent study was undertaken to provide performance
data on an open-flow, liquid-desiccant desorber of
a size sufficient to be relevant for applications
assessment, The performance data collected will
be compared with predictions of an analytical .
model constructed by R. K. Collier (Ref. 1).

A small scale version of the collector was
built and tested to verify manifolding techniques
and sample port design. Based on the data ob-
tained during this test, a full scale test structure
of the general features shown in Figure 1 was con-
structed. The surface covering is asphalt shingles.
The manifold arrangement for distributing the
liquid flow evenly at the top of the roof is shown in
Figure 2. Presgently 27 sampling ports for obtain-
ing the liquid samples from the roof during a test
have been equipped with thermocouples and in-
stalled into selected locations on the roof. The
form of the ports is shown in Figure 3. The out-
puts of the temperature sensors, a wind velocim-
eter, insolation and ambient dew point temperature
measuring equipment are recorded by a data,
logger.

Concentrations of the hot, concentrated
lithium chloride samples are determined either
by refractometry or density measurements,

ACCOMPLISHMENTS TO DATE

e The 50 foot by 50 foot open-flow collector
structure was constructed, and initial tests
indicate that the collector performs just as
predicted. Standard construction techniques
for houses using tongue-and-groove decking
provided a sufficiently flat and level roof
such that the asphalt shingle covering main-
tains a thin, continuous film flow. On a clean,
dry roof, initial wetting by a concentrated ’
lithium chloride solution is facilitated by
first wetting the roof with water. 1[f resid-
ual lithium chloride remains on the roof,
i.e., as in the morning after the flow had
been shut off the preceding evening, initial
wetting is not required because the humidity
in Alabama is high enough to keep the roof
moist during the evening and early morning.

e Simple methods for determining the concen-
trations of concentrated lithium chloride
solutions (refractometry and density) have
been chosen. Although some further eval-
uations of these methods are in progress,
they appear quite reliable.

® A computer model of the system has been
constructed and results obtained with it
compare quite well with preliminary experi-
mental results obtained from both the small
and full scale collectors.

FUTURE ACTIVITIES

The foreseen follow-on effort for the present
study is to connect an absorption chiller to the
open-flow, solar desorber, insulate the test struc-
ture building, and evaluate the performance of the
system as a total absorption air-conditioning sys-
tem. The possible use of the open-flow collector
for space heating should also be evaluated. Upon
successful completion of such an effort, a com-

'mercialization strategy should be implemented.

REFERENCE

1. Collier, R. K., '""The Analysis and Simulation
of an Qpen Cycle Absorption Refrigeration

System," Solar Energy, Vol. 23, 1979, pp.
357-366. .
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ANALYSIS OF SOLAR DESICCANT SYSTEMS AND CONCEPTS

Solar Energy Research Institute

Robert Barlow

EG-77-C-01-4042

OBJECTIVES

The ‘Tong term goal of this research effort is to
develop a general, versatile heat and mass transfer
computer model to predict the performance of solid
desiccant systems and to evaluate new concepts and

new design strategies in solar desiccant cooling..

Objectives of current workare: (1) tocompare packed
beds and parallel passage geometries and identify
the most effective designs, (2) to investigate the
effect of equilibrium sorption properties on system
performance and identify desirable properties, and
(3) to evaluate the potential- performance of new
desiccant materials and combinations of existing
materials.

CONCEPT

The Solar Energy Research Institute's (SERI)
desiccant simulation program (DESSIM) wuses an
entirely new approach to the modeling of the adi-
abatic adsorption/desorption process that greatly
simplifies the mathematics of the -analysis and
facilitates a better understanding of physical
behavior of desiccant systems. Previous nonlinear
models [152,3] have used finite difference tech-
niques to solve a set of coupled differential equa-
tions describing the adsorption process. In each
case a transformation of variables was necessary to
express the equations in a form convenient for
numerical solution. These transformations have

tended to obscure the physics of the problem, mak- .

ing it more difficult to develop an intuitive
understanding of the behavior of desiccants. -In
contrast, the SERI model performs heat transfer and
mass transfer calculations in an uncoupled manner
using simple algebraic equations adapted from the
theory of heat exchangers. No transformation of
variables is required, and the model has proven to
be accurate and relatively. inexpensive to run.

Because the method is simple, the model can be
adapted easily to look at different specific prob-
lems such as , the effects of using different bed
geomatries, different desiccant ‘properties,. vari-
able inlet air conditions, and various system
design strateqies. To further facilitate a full
understanding of the. behavior of desiccants,
results of the simulation including temperature and
loading profiles in the bed, as well as outlet air
conditions, are displayed graphically.

TCHNICAL ACCOMPLISHMENTS

o A new and simple approach to modeling desic-
cant systems has been developed. Computer

programs for predicting the performance silica
gel beds in single-blow situations and in
cyclically operating desiccant cooling systems
have been written.

e The single-blow model has been validated and
shows excellent agreement with experimental
data from SERI's desiccant test lab. Graphs
showing the measured and predicted conditions
of adsorption process air leaving a packed bed
of silica gel are given in the paper in these
proceedings that describes SERI's desiccant
lab. Figures 1, 2, and 3 show experimental
data published by Koh [4] along with the cor-
responding prediction using DESSIM,

= OUTLET AIR TEMPERATURE
)
25 .
E 0
alf
B S ST M s e o e

TIME (MINUTES)

Figure 1. Measured (0) and Predicted (-) Outlet
Air Temperature During Regeneration of
Silica Gel.

e The cooling system simulation program has been
used to evaluate the.potential gains in cool-
ing capacity and thermal COP that could be
realized by using a nonhomogeneous desiccant
bed composed of a series of hypothetical desi-
ccants with different adsorption properties.
This study [5] shows that the system cooling
capacity could be increased by roughly 10% or
that the bed thickness could be reduced by 37%
if the silica gel were replaced by a staged
bed with the properties shown in Fig. 4.
Either strategy would result in a significant
reduction in the parasitic power requirements.-
of the system.
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of Silica Gel
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Figure 3. Measured (0) and Predicted (-) Psychro-
metric Process Lines During Regenera-
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Figure 4. Equilibrium Adsorption Properties of
Silica Gel and Four Hypothetical Desic-
cants for Staging
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The physical phenomena that produce these
results are displayed most effectively by Figs. 5
and 6. These are psychrometric charts showing the
conditions of the process air leaving the two des-
iccant beds during cyclic operation. The process
lines for the two beds trace almost exactly the
same paths. During both adsorption and regenera-
tion, the outlet air goes through a very rapid
transient- that lasts only about 40 seconds and runs
along lines of nearly constant relative humidity.
The trajectory of the process curve then changes,
and outlet air conditions move slowly toward the
conditions of the inlet air. The major differ-
ence between the staged bed and silica gel is that
the progress of the outlet air toward the inlet

PSYCHROMETRIC CHART

0.03

HUMIDITY RATIO (KG/KG)
0.02

70 8 %0 100
. DRY BULB TEMPERATURE (C)

— T
0 20 30 40 SO 60

Figure 5, Conditions of Procesc Air Leaving the
Silica Gel Bed (adsorption -(x), regen-
eration -(0), symbols at 12 second
intervals).
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Figure 6. Conditions of Process Air Leaving the
Staged Bed (symbols spaced at 12 second
intervals) ,

r
condition is much slower. During adsorption the
process line terminates at 7% relative humidity
with sflica gel, but reaches only 6% with the

staged bed, even though thé rotation period fis



The same effect is seen during
regeneration. The reason for this slowing of the
breakthrough curve can only be that staging
decreases the length of the effective MTZ (mass
transfer zone). This is done by matching the prop-
erties of each desiccant stage to the range of
relative humidities occurring in that section of
the bed during cyclic operation. The result fis
that each desiccant is operating on the steep por-
tion of its capacity curve, and this improves mass
transfer,

twice as 1long.

FUTURE ACTIVITIES

e DESSIM will be used to evaluate new materials,
new concepts, and new design strategies for
solar desiccant cooling systems. Simulations
will help to identify the most promising
directions for research and development of
advanced desiccant systems.

e Modeling efforts will be closely coordinated
with SERI's experimental program. Laboratory
data will determine the accuracy of the model
over a wide range of conditions, and the model
can help to identify the most informative
experiments to be run,

¥
e The capabilities of the cooling system simula-
tion program will be expanded to include anal-
ysis of the purge process, experimentally
determined transfer coefficients for parallel
passage geometries, and sorption properties of
molecular sieves and natural zeolites.
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INVESTIGATION OF LIQUID DESICCANT SOLAR COOLING SYSTEMS

Solar Energy Research Institute

Dennis R. Schlepp

£G-77-C-01-4042

Objective

The objectives of this project are to investi-
gate the use of liquid desiccants in solar cooling
systems; to evaluate the performance of such sys-
tems; and. to establish design criteria and recom-
mendations for construction of test apparatus.

Description of Work

The work to accomplish these objectives falls
into two categories: computer simulation and exper-
imental work. The experimental analyses to study
the open-cycle regeneration of 1lithium chloride
desiccant solutions and the resulting heat and mass
transfer characteristics are being carried on at
Lockheed Missile and Space Center in Huntsville,
Alabama and at Arizona State Univesity in Tempe,
Arizona, for hot, humid climates and hot, dry cli-
mates, respectively. Construction and testing of a
residential 1liquid ‘desiccant system using calcium
chloride solution is being undertaken by the Uni-

versity of South Carolina at Pawley's Island, South-

Carolina. A study of 1ithium chloride regeneration
in packed towers is being done at Colorado State
University in Fort Collins, Colorado. Details on

these projects and the accomplishments of each can

be found in other technical papers in this summary.

- The computer simulation work at SERI has con-
centrated on operation of the open-cycle absorption
refrigeration (OCAR) system, Recent work has
investigated the use of the OCAR system (Fig. 1) as
a -chemical heat pump for providing both heating and
cooling. Successful application of the system
year-round would encourage further development
because the economics are more favorable.

Water

Absorber/
Evaporator

Regenersator

Figure 1. OCAR System

Technical Accomplishments

0 A computer

simulation code was written to

model the operation of the OCAR system under
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all environmental conditons. This was accom-
plished by including correlations of 1ithium
chloride solution physical properties over a
wide range of temperatures.

The OCAR system was found to operate effec-
tively in winter climates in a heating mode,
using waste heat. sources as low as 20°C.
Simulations using weather data in five U.S.
cities showed that winter climates as severe
as New York City and Albuquerque, New Mexico
would still allow open regeneration of the
desiccant solutions. Table 1 presents the
solar COP's (heating output/solar input) for
each qf the five cities.

Table 1. OCAR §ysten Performance for Five
U.S. Cities :

Solar COP

City
Phoenix .186
Albuquerque .161
Dallas .127
Miami .070
New York .058

o A portion of the system's regenerator can be
used as an open-flow trickle collector to pro-
vide the thermal energy necessary to make the
system operate. This can be done, with a 50%
cut in capacity, in the milder winter climates

effectively.
This allows the system to be used as a complete
heating and cooling unit for commercial
applications,

Future Activities

Based on the results of the experimental
efforts and the computer simulations, a complete
open-cycle absorption system will be built and

tested. This will allow investigation of the many
operating problems that are anticipated, such as
solution contamination and vacuum integrity.

Research will also be extended into use of new or
improved desiccant solutions.

Publications

1. Schiepp, D. and Collier, K., "The Use of An
Open-Cycle Absorption System for Heating and
Cooling". NTIS, SERI/TP-631-1159, Marc
1981, Proceedings of the AS/ISES Annua

Conference May 1981.



SERI DESICCANT LABORATORY EXPERIMENTS.

Solar Energy Research Institute

Charles F. Kutscher . N ’

EG-77-C-01-4042

OBJECTIVE

The objectives of the SERI Desiccant Labora- .

tory are: to validate in-house adsorption computer

models with experimental data; to test various con-

cepts in desiccant bed design; and to test various
desiccant materials.

DESCRIPTION OF WORK

The layout of the test apparatus has changed
with time to improve the quality of data which can
be taken. The current configuration is shown in
Fig. 1. : :

The loop is designed so that either adsorption
or regeneration of a test article can be  per-
formed. Two 2.24 kW (3 hp) centrifugal fans cap-
able of supplying up to 40 kg/s (700 SCFM) in 30 m
(12 1n) circular duct are used, one for each direc-
tion. To perform adsorption, fan F-1 is turned on

~

and butterfly dampers are used to obtain the proper
flow rate. (A stepped cone pulley also allows fan
speed to be adjusted.) Inlet room air is heated by
a 6 kW duct heater to the desired dry bulb tempera-
ture--in a range of 27°-41°C (80°-105°F)--and steam
from:a 50 kW boiler is injected to achieve the
desired humidity. The conditioned air is bypassed
around the test article and exhausted to the out-
side, until proper conditions are met. At that
time, several shutoff dampers are adjusted to ini-
tiate flow through the bed. Adsorption runs are
ordinarily made until the bed is saturated, 1i.e.,
until outlet and inlet conditions are identical.

To perform regeneration, fan F-2 1is used.
Room air is heated to regeneration temperatures--up
to 150°C (300°F)--by a 35 kW duct heater. The air
is bypassed around the test article until proper
air temperature and flow rate are obtained. Ad-
justment of shutoff dampers then initiates flow,
through the bed. Again, test runs are ordinarily
made until outlet and inlet conditions converge.
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" Figure 1.
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To better control temperatures, SCR control-
Jers are used on the two duct heaters thus allowing
the desired temperature to be "dialed in." An SCR
controller is also used on the boiler heating ele-
ments to maintain a steady steam pressure.

Temperatures are measured throughout the sys-
tem with exposed junction type T (copper/constan-
tan) thermocouples. Humidity is measured via both
wet bulb thermocouples and optical condensation dew
point hygrometers.
terms of both temperature and humidity, air mixers
are used, one after the 35 kW heater and one on
each side of the test article. Pressure drop
across the test article is measured with a capaci-
"tance type transducer. Flow rates are measured
with similar pressure readings taken across ASME

flow nozzles.

Originally all of the sensor outputs were fed

into a Kay Digistrip II data logger. Recently a
Hewlett Packard data acquisition system consisting
of an HP-85 desk top computer and an HP-3479 scan-
ner/digital voltmeter has become operational. This
system not only supplies test parameters in engi-
neering units, but will do psychrometric conver-
sions and supply graphics.
also take advantage of this system’'s control poten-
tial to better control steam supply. [Current]y
inlet dew point varies * .15°C (+ 27°F).]

TECHNICAL ACCOMPLISHMENTS

After construction of the loop was.completed,
the equipment was operated in a shakedown phase.
Numerous data runs were performed with a silica gel
packed bed, and various changes were made to the
loop to improve data quality. Although improve-
ments will ‘continue to be made, the test apparatus
is now working well enough to be used- to validate
an in-house computer model, DESIM. (DESIM performs
uncoupled heat and mass transfer calculations using
simple equations adapted from heat exchanger the-
ory. Published experimental data on silica gel
properties and transfer coefficients are used in
calculating the properties of a control volume of
air as it moves through bed segments.
R. Barlow presented at this conference.)

Figure.'2 shows experimental results and com-
puter prediction for the outlet humidity ratio ver-
sus time for a test run with the following
conditions:

Inlet Dry Bulb

Temperature: 35°C (95°F)
Inlet Dew Point
Temperature: 20.8°C (69.4°F)

Flow Rate:
Bed Regeneration

.23 ky/s (400 SCFM)

Temperature: " 60°C (140°F)
Bed Diameter: .64 m (25 in.)
Bed Width: .032 m (1.25 in.)

This shows the so-called ° "breakthrough
curve." Because the packed silica gel bed is thin-
ner than the mass transfer zone (MTZ), some mois-
ture begins to break through the downstream end of
the bed from the start. As the run continues, the
remaining bed capacity continues to drop, and the
adsorption wave exits the bed, resulting in
increasing humidity of the exit air. The experi-
mental data points for outlet humidity ratio are
derived from dew point measurements.

To ensure well mixed air in-

Future . plans are to:

See paper by’

Agreemgnp

0.03

0.02

HUMIDITY (KG/KG)
0.01

1 T

0 0 20 30 40 50 80 70
TIME (MINUTES)

Figure 2. Outlet Humidity Ratio vs. Time

with the computer model prediction can be seen to
be excellent.,

The outlet air temperature versus time is
shown in Fig. 3. The difference between predicted
and experimental values at the beginning is due to
the bed and duct being cool at the start of the run
because of a delay between regeneration and adsorp-
tion. As the adsorption wave leaves the bed, less
adsorption takes place meaning less heat of adsorp-
tion is released with a corresponding decay in out-
let dry bulb temperature. Outlet dry bulb eventu-
ally reaches the inlet condition (35°C) once the
bed capacity has been exhausted.
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Figure 3. Outlet Air Dry Bulb Temperature vs. Time
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Figure 4 show§ the process 1ine on a psychro-
metric chart (illustrating humidity ratio of the
outlet air as a function of dry bulb tempera-

ture). Again the leading edge -of the experiment-*
curve results from the bed being cool at tl
start. The air is first heated by the heat ..

adsorption with some heat going into the bed and
duct mass before an adiabatic process line is fol-
lowed. The outlet air moves up the straight por-
tion of the curve as it rises in moisture content.
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This dehumidification line differs from a con-
stant enthalpy line by the difference between heat
of condensation and heat of adsorption. (Bed heat
capacity also affects the slope of the line.) If
one chooses any point on the line, the air flowing
through the bed at that time can be considered to
"move down the dehumidification line to that point
which would be the exit condition at that time.
Figure 4 thus shows how the exit condition moves up
the dehumidification line with time.

"already been manufactured,

The close aqreement between the DESIM model
and the experimental data are encouraging and gives
confidence that both can be useful tools 1n study-
ing candidate desiccant beds.

'FUTURE ACTIVITIES

The graphs shown in this report represent the
first validation attempt of SERI's in-house adsorp-
tion computer model. Further experimental runs are
being made with the current test article to extend
the validation over a wide range of inlet (tempera-
ture/humidity) conditions. A number of variable
length .30 m (12 in) diameter test sections have
and these will be in-
stalled to test length effects as well as better
determine the in-situ pressure drop characteristics
of .the perforated plates which contain the silica
gel. As testing of the variable length pack beds
is performed, a channel flow bed will be built, and
tests will be made to compare its heat and mass
transfer - and pressure drop character1st1cs with
those of the packed beds.

Further improvements in the Tlaboratory are
also planned. These include: control of the steam
supply valve with the HP-85 computer, and providing
faster turnaround between regeneration and adsorp-
tion runs.
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OPEN CYCLE CHEMICAL HEAT PUMP AND ENERGY STORAGE SYSTEM

COASTAL CAROLINA COLLEGE/UNIVERSITY OF SOUTH CAROLINA ENERGY LABORATORY

HARRY IRVING ROBISON

SUBCONTRACT NO. ZE-0-9185-1 UNDER PRIME CONTRACT NO., EG=77=C=01=4042

OBJECTIVE

The objective of this project is to speed the
development of a marketable solar powered chemical
heat pump that is a technically viable, environ-
mentally acceptable, and economically competitive
alternative to conventional space heating and
cooling methodse.

DESCRIPTION OF WORK

Introduction Y,

The summer climate of the South Atlantic and
Gulf Coast regions is hot and humid, The air
conditioning load is principally one of de~
humidification. As the cooling load exceeds the
heating load, residential and commercial de—
humidification and cooling are necessary during
two=thirds of the year. Cooling and dehumidi-
fication are also needed throughout the Eastern
seaboard and Great Lekes regions for & shorter
period each year., Effective cooling equipment
will allow solar collectors to be used throughout
the year, thus reducing the pay-~back period
substantially,.

Method

The Energy Laboratory of Coastal Carolina
College of the University of South Carolina
proposes to demonstrate over a 30-month pericd
an open~cycle chemical heat pump that uses solar
energy, well water, and a common salt solution to
provide not only home heating and cooling, but also
humidity control.

. During the cooling cycle, the device uses well
water and a salt solution made from water and
calcium chloride to cool air to a temperature
lower than that of the well water, During the
heating cycle, the concentrated salt solution and
well water are used to achieve an air temperature
higher than the well water temperature. In both
cooling and heating cycles, solar energy is used
to concentrate the salt solution so that it can be
used again. For continuous operation of the con-
ditioner, a small, uninsulated tank stores the
concentrated solution,

. This liquid desiccant system, which can be
powered by solar energy, waste heat, or off=peak
electricity, which uses water as the refrigerant,
and which uses no mechsnical compressor, no vacuum
or pressure system, no condenser, no gas-fired
generator and no large insulated heaB storage, will
be used to heat and cool a 2800 foot” house,

Actual operational data will be obtained with two
different types of desiccant regeneration equipment,
each operating under various environmental con-
ditions and each under the influence of transient
as well as steady state insolation conditions.

Both regenerators use solar energy for power,

During the first year, the desiccant solution
will be regenerated by direct solar radiation in the
very inexpensive and simple trickle collector-regen—
erator. During the second year of operation,
inexpensive plastic solar collectors and a modified
of f-the-shelf regenerator will be used for this
operations First costs should be competitive with
conventional vapor-compressor heat pumps, and
operational expenses should be negligible,

Use of a computer model to simulate operating
conditions and a full year of operation with each
regeneration system should allow the varipus
parameters to be adjusted to achieve maximum perw
formance with each system. As no new technology is
required, immediate commercialization of the heat
pump should be possible upon completion of the
optimization process.

Ba. ound

The analyses of open cycle liquid desiccant
cooling systems indicate the possibility of muche
improved cost=effectiveness over presently pro-
posed systems. One important aspect of this
possible cost~effectiveness is the use of an open
flow solar collector=regenerator.

A second advantage of a liquid desiccant
system is the gystem!s ability to store chemical
energy in the form of a concentrated brine, This
storage system can be in a small tenk at ambient
temperature, No insulation is needed,

A third advantage is the ability to heat as
vell as cool with a liquid desiccant system, True
heat pump operation can be achieved by extracting
heat from shallow=well water where this water is
availablee. In other locations, heat can be ex=
tracted from passive storage walls even though
their temperature is not high enough to heat
room air directly.

This research is necessary to actually
measure the thermodynamic performance of the open
regenerator operating in conjunction with the
desiccant conditioner/dehumidifier,. Storage energy
densities should be measured, Operation of an open
cycle chemical heat pump under actual operating
conditions has never been demonstrated,

TECHNICAL ACCOMPLISHMENTS

¢ A computer model of the roof collector/regen=
erator has been developed.

¢ Four 30 ft.2 roof sections have been built and
used to collect data to verify the computer
model as well as to obtain data to design the
collector/regenerators which serve as the south~
facing roof of the regearch house.
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® Five separate collector systems have been con-
structed as an integral part of the research
house.

® The conditioner and necessary plumbing and duct~
work have been ingtalled,

FUTURE ACTIVITIES

One integral part of the test house is an iso=
thermal (81° F) passive collector/storage wall
consisting of brick columns containing calcium
chloride hexahydrate latent~heat storage rods.
Both the regeneration air and the brine can be
pre-heated in another rooftop system. Analysis of
work just completed indicates that pre-heating
should be advantageous, Recent work also indicates
that the regenerator is more efficient during
most times of the year when operating with laminar
air flow than when operating with turbulent flow,
The three different collector/regenerator sections
will allow direct comparison of laminar flow and
turbulent flow, The large brine storage tank
already ingtalled will allow evaluation of the
possibility of seasonal energy storage as well as
diurnal storage.

The research now under way has shown that the
regenerator is very sensitive to the vapor pressure
of the regeneration air, Direct comparison of
operations using inside and outside air will be
achieved., Variable fan and pump speeds will allow
investigation of the effect of air flow rate, air
flow velocity, solution flow rate and solution
concentration, Additionally, the 60 ft° collector/
. regenerator roof section used during the past ten
months of research will continue to be used to
investigate the effect of the following: roof
surface material, glazing material, and air slot
dimensions.

In the southeastern states and particularly in
Floride, more and more home owners are taking
. advantage of shallow-well water in water-to-air
heat pumps., The open cycle chemical heat pump can
also operate by using well water, A study of the
availability of this source of energy will be
undertaken by a co-investigator., Operational and
environmental problems associated with use of
ground water will be identified,
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COMPONENT AND SYSTEM EVALUATION STUDY OF SOLAR DESICCANT COOLING

UNIVERSITY OF WISCONSIN-MADISON

JOHN A. DUFFIE AND JOHN W. MITCHELL

DE-AC03-795F10548

OBJECTIVES

The objectives of this work are to develop re-
liable and useful models of the components of solar-
desiccant air conditioning systems, to validate the
model predictions against experimental results, and
to use simulation methods to explore and evaluate
systems.

DESCRIPTION OF WORK

The application of solar energy to space and
water heating is well established, design techniques
have been developed, and equipment is commercially
available. The science of solar.air conditioning
is not as advanced, primarily due to the difficulty
of using a Tow temperature solar heat source to
drive a refrigeration cycle. Solar-desiccant air
conditioning systems offer the potential of using
the low temperature heat from a flat plate solar
collector to-provide cooling. The systems investi-
gated in this study are constructed by arranging
desiccant dehumidifiers, sensible heat exchangers,
and evaporative coolers in various configurations.
The limiting maximum performance of these systems
is analyzed using thermodynamically ideal system
components., The actual system performance is in-
vestigated using mathematical models of the "real"
components by long-term computer simulation methods.
The simulation methods allow evaluation of system
performance in terms of component design, system
configuration, load profile, and geographic loca-
tion.

Thorough understanding of the system components
is required to evaluate the potential of solar-
desiccant air conditioning systems, and is gained
from theoretical, numerical, and experimental
analyses of the components, particularly the
desiccant dehumidifier and sensible heat exchanger.
Mathematical models are used to develop design
criteria, assess the effect of off-design condi-
tions, and determine limiting theoretical perfor-
mance. A simplified desiccant dehumidifier model
using an analogy with a sensible heat exchanger,
is developed for use in long-term simulations. The
mathematical models are verified by experimental
tests on a rotary silica gel dehumidifier and a
rotary sensible heat exchanger,

TECHNICAL ACCOMPLISHMENTS

] Desiccant Property Analysis

Analysis and optimization of desiccant cooling
systems requires consideration of the thermo-
dynamic properties of the desiccant employed.
Two mathematical studies have been done in an
effort to optimize system performance with
desiccant properties. The first study used
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sorption isotherms of the five Brunauer classi-
fications, with the heat of sorption equal to
the heat of vaporization of water. Prelim-
inary results indicated that the silica gel
isotherm and the sigmoidal isotherm, corres-
ponding to type 5 in the Brunauer classifica-
tion, were most desirable for air conditioning
applications. A more detailed investigation
of six different sigmoidal isotherms showed
that a silica gel dehumidifier will perform at
least as well in a cooling system application
as any of the other desiccants considered. A
second study investigated the merits of staging
different desiccants within the dehumidifier.
Desiccants with sigmoidal isotherms were em-
ployed. The results indicate that, by staging
desiccants in the dehumidifier, the process
stream outlet humidity can be reduced to less
than that obtained using a single component
device composed of any of the staged materials
alone. However, for the particular materials
employed, the system results showed no particu-
lar advantage of the multicomponent dehumidi-
fier over a single component silica gel device.
Hence, silica gel has been employed as the
desiccant in all following studies.

Dehumidifier Modeling and Design (1,2)

Two different dehumidifier models have been
developed. A detailed numerical model has
been developed to describe the coupled and
nonlinear exchange of heat and water vapor
within the dehumidifier. The model assumes
that the transfer resistance between air flow
and matrix is represented by overall transfer
coefficients, comprised of contributions from
convective transfer resistance in the air and
diffusional resistance in the solid. The
latter contribution actually varies throughout
the matrix at any time. However for heat
transfer alone, a method by Hausen for deter-
mining an effective mean of this contribution
gives accurate prediction of regenerator per-’
formance. A simplified linear method of de-
humidifier analysis, the analogy method, has
also been developed [1] which enables perfor-
mance prediction from that of a similar ex-
changer transferring heat alone. The heat and
vapor exchanger is represented by the super-
position of two exchangers, each operating
like a heat exchanger driven by a combined
potential depending on air temperature and
water vapor content. The application of the
method gives significant understanding of ex-
changer operation. The method has also been
extended to retain the essential nonlinearity
of the heat and mass transfer process, which



allows sufficient accuracy in dehumidifier mo-
deling for system simulation. The analogy
method as currently developed is found to sat-
isfactorily predict performance for desiccants
with well behaved properties such as silica
gel. Curve fits to the relevant properties
have been developed to facilitate performance
evaluation. In system studies, the analogy
method is the only method available for ex-
ploring system options, control strategies,
and climate effects at reasonable computer
cost.

Investigation of dehumidifier design has led
to the conclusion that packed bed geometries
are unfeasible. A solar-desiccant air con-
ditioning system will be economically viable
only if parasitic power requirements are mini-
mized. Parallel flow geometries offer the
only hope for minimal parasitic power con-
sumption.

Effects of Transient and Nonuniform Inlet
Conditions on Dehumidifier and Heat Exchanger
Performance (3)

The response of a rotary dehumidifier or heat
exchanger exposed to either spatially nonuni-
form inlet conditions or a temporal step change
in inlet conditions has been investigated. The
analysis of a regenerator operating under
steady state conditions exposed to nonuniform
inlet conditions has led to two major conclu-
sions. For a properly designed rotary heat
exchanger, inlet condition nonuniformities have
little effect on performance. However, for a
properly designed dehumidifier, the nonunifor-
mities can significantly affect performance,
allowing improvement in dehumidifier design.
Such nonuniformities are currently manifested

in the form of purge cycles prior to absorption.

A detailed numerical model has also been de-
veloped to describe the transient response of
a rotary regenerator. Results show that the
time for a dehumidifier to reach steady state
conditions can be significant, often on the
order of hours. Work is progressing to allow
prediction of dehumidifier transient response
using the analogy method.

Experimental Component Testing

Experimental verification of heat exchanger and
dehumidifier mathematical models have been per-
formed in two stages. Experimental tests of
rotary heat exchanger operating with either
transient or nonuniform inlet conditions have
been performed on an existing apparatus at
CSIRO in Australia. The results of the tests
show good agreement with predictions of the
models and substantiate conclusions of the
numerical analyses. Testing of dehumidifiers
is being performed on a new apparatus, con-
structed specifically for this project. MWhile
the original plans anticipated that a modified
total heat wheel manufactured by the Berner
Company could be used for dehumidifier tests,
further numerical and experimental tests
showed the wheel to be unsatisfactory. A
packed-bed silica gel dehumidifier has since
been designed and constructed for testing
purposes. While the computer controlled data
acquisition system is being developed, pre-
liminary tests have been performed using fixed
psychrometer grids and multipoint recorders.
These preliminary tests concur with numerical
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predictions that the effect of dehumidifier
transients can be significant, on the order of
1-2 hours.

Solar-Desiccant Air Conditioning System
Simulation (3)

The system simulation study has been mainly
concerned with the interaction of cycle
configuration and climate, and the theoreti-
cal analysis of thermodynamically ideal sys-
tems. The three configurations studied in
depth have been the ventilation, recircula-
tion, and Dunkle cycles. The four climates
were selected to represent a range of temper-
ature and humidity combinations.

The results of the system simulations showed
that it is essential to have high effective-
ness system components. Sensible heat ex-
changer effectivenesses of 90% or greater are
required, and a corresponding value is needed
for the dehumidifier. With high performance
components, cycle COPs of 1 to 1.6 were ob-
tained, depending on climate. The higher
COPs were obtained in the drier climates
where the regenerative evaporative cooler
capabilities could be utilized. Analyses of
the thermodynamically ideal system perfor-
?azce4have indicated maximum COPs on the order
o 4.

The comparison of the performance of the
different system with high effectiveness
components showed that the recirculation-
system performed poorest. The Dunkle cycle
generally yields a higher COP and capacity
than the ventilation cycle, but has the
added complexity of another heat exchanger.
It appears that the ventilation cycle may
be the most promising cycle.

Simulations were performed to evaluate the
ventilation and Dunkle cycles using solar

energy only for regeneration. For all four

climates, the system were found to meet a
large fraction of the air conditioning load.
The air temperatures obtained with flat-plate
collectors are sufficient for desiccant
regeneration.

The various ways in which desiccant and VAV
systems for commercial buildings can be com-
bined has been explored. One promising sys-
tem uses a desiccant wheel for moisture re-
moval and an indirect evaporative cooler plus
vapor compression machine for sensible cool-
ing. Heat rejection from the condenser is
used to regenerate the desiccant. Using this
arrangement, the chiller power can be reduced
to 40%. The performance is almost linearly
dependent on the ambient wet bulb tempera-
ture with the result that the power required
over the season will be much lower than that
at design conditions. These ideas will be
explored via system simulations

FUTURE ACTIVITIES

s
Given the conclusion that packed-bed geometries

are unsatisfactory for solar-desiccant air condi-
tioning systems, future work will include design of
a suitable parallel passage silica gel dehumidifier.

The experimental apparatus will be used to test

such dehumidifiers. Future component analyses will

investigate extension of the analogy method to



dehumidifier transient analysis. The feasibility
of using large cooled desiccant beds for both de-
humidification and energy storage will also be in-
vestigated. Future system simulation studies will
include investigation of solar-desiccant systems in
commercial applications.
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INTEGRATED SOLAR ZEOLITE COLLECTOR

THE ZEOPOWER COMPANY

DR. DIMITER IVANOV TCHERNEV

DE-AC03-78CS32117

OBJECTIVE

To design, construct and test an integrated
solar zeolite collector, capable of providing hot
water during the day and chilled water at night,
which will act as one-for-one replacement for ex-
isting hot water solar collectors; to evaluate the
performance of the integrated solar zeolite col- |
lector under different climatic conditions in dif-
ferent parts of the U.S.A.; to design, construct
and test low cost zeolite collector; to produce a
design for the integrated solar zeolite collector
capable of reducing its cost when mass-produced to
at least one-third of its present cost.

DESCRIPTION OF WORK

Zeolites provide a unique opportunity for
.solar solid-gas adsorption refrigeration systems
because of their extremely nonlinear adsorption
properties. By incorporating the zeolite in the
solar collector, the overall efficiency of the ad-
~sorption system is increased considerably. Further-
more, all vacuum tight seals and tests are done in
the factory thereby leaving only regular plumbing
connections for the construction site. In the years
preceding this project the feasibility of the con-
cept and the high overall efficiency were demon-
strated using small scale (1 sq.ft.) zeolite panels.

The work in this project began with the design
of a full size zeolite collector suitable for mass
production methods. The optimum zeolite loading was
determined to be about 10 1b/ft2, and the best
natural zeolite for this purpose was determined to
be chabazite from Bowie, Arizona. The evaporator/
condenser was combined with the storage container
and incorporated in the collector design. Two col-
Tectors of 16.4 ft2 active area were then con-
structed and tested. The experimental performance
agreed very closely with the performance predicted
by a simplified computer simulation.

Next, the performance of the integrated solar
zeolite collector was evaluated under different cli-
matic conditions in different parts of the U.S.A.
For this purpose a sufficient number of operating
zeolite collectors were constructed and their per-
formance tested first at the plant location. After-
" wards a pair of collectors was installed at each of
three different site locations: One pair at the
research laboratory of the Anaconda Copper Company
in Tucson, Arizona, another pair at the Solar Energy
Research Institute in Golden, Colorado, and final-
ly a pair at the Zeopower Company in Natick, Massa-
chusetts. A1l three sites were instrumented and the
input and output of the collectors was measured and
recorded continuously.

Finally, during the last year of the project,
the expected cost of the collector in mass produc-
tion was analyzed in detail and separated into
Tabor and material components. The design was then
modified in order to permit the reduction of labor
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cost in mass production. The possibility of reduc-
tion of material cost was investigated and less ex-
pensive alternatives for copper were considered.
Accelerated tests were performed on different meth-
ods to protect iron and aluminum from corrosion un-
der operational conditions. The use of plastics for
packaging and glazing was investigated and fiber-
glass-reinforced epoxy was selected as the container
material to replace copper. Finally a low cost col-
lector is being constructed and its performance will
be tested under actual operating conditions.

TECHNICAL ACCOMPLISHMENTS

e The design of the full size integrated solar
zeolite collector was completed on schedule in.
three months. The best natural zeolite for-the
purpose, chabazite from Bowie, Arizona, was
selected and the optimum zeolite loading of
10 1b/ft2 was established both experimentally
and by computer simulation.

o The first full scale solar zeolite collectors
with integrated condenser/evaporator were con-
structed on time. The active area of the col-
lectors is 25" X 91" or 16.4 ft2 and the size
of the framed panel is 29" X 95". The collec-
tors were vacuum tested and sealed successfully

. and then painted black and provided with dou-
ble glazing and insulations.

e The integrated solar zeolite collectors were
tested under actual operating conditions. For
this purpose the panels were erected outdoors
and completely instrumented. On two separate
occasions data was taken manually, every fif-
teen minutes day and night over a period of
three consecutive days. The manual data was
analyzed and compared to the automatically re-
corded input and output data and all equipment
was carefully calibrated. The actual experi-
mental results were then compared to the theo-
retical predictions made by a computer simula-
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and indicates -a remarkable agreement between
theony and exper1ment -despite the s1mp11fy1ng
assumptions which had to be made in the linear-
jzed computer-model . The -predicted-cooling ef-,

ficiency of :18.8% was -easily -surpassed-and-pre-

sently total daily eff1c1enc1es of 25-to 30%
are ‘common;

o A sufficient number of.integrated: solar zeolite
collectors were constructed .on schedyle in-
order -to .be able .to:evaluate their. performance
under- different . climatic cond1t1ons in differ-
ent parts of the U.S.A. The .collectors were
vacuum tested -and..sealed; then painted -black
and provided with double glazing; insulating
and framing. The collectors were individually
tested -and -their .performance recorded with: -
automated - jnstrumentation-designed to permit
unattended ‘operation for a period of-one month.

e Two pairs of 1ntegrated zeolite collectors were
delivered, installed and instrumented at ‘each
of the two selected sites: Tucson ‘Arizona and
Golden, Colorado..A.third pair was also instal-
Ted.,and ‘instrumented at the plant in Natick,
Mass. The site installation and 1nstrumentat1on
was- done on schedule .and the two.collectors at
each site were provided with .a liquid loop:and
temperature Sensors. The: 1nstantaneous output
of a solarimeter was recorded cont1nuous1y on
an 1ntegrat1ng recorder ;ogether w1th the 6ut-
put of a Btu meter .connected -in the 11qu1d Toop

e Data from the three test sites is being collect-
ed and analyzed continuously. The total overall
heating and cooling efficiencies of the col-
lectors on sunny days are between 25 and 30%.
For example, the output vs. input heating curve
for Tucson, Arizona derived from the February
1981 data is presented on Fig. 2. For inputs
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Fig. 2 Heating Output for Tucsor, Arizona February 1981

above about 1000 Btu/ft2 day all experimental
paints fall on a straight line of about 30% of
total daily collection efficiency.

e The thermal collection performance of the in-
tegrated zeolite collector was tested in a
manner similar to ASHRAE Standard 93-77. The
results, presented in Fig. 3 indicate a slope
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Fig. 3 Collector Thermal Performance per ASHRAE 93-77
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FR (UL) of 1 Btu/°F ftZhr and an intercept of
82%. This is an excellent performance by a
double glazed collector with flat black paint.
It indicates an absorptivity of 97% for the
Nextel black velvet paint and a transmission
of -92% for each layer of low-iron glass.

o A detailed cost analysis of the presenf design

collector was completed on time. It. indicated
that material and labor costs were about equal
and about 3 times higher than what is antici-
pated when the panel is mass-produced. The de-
sign was then modified to reduce labor costs
under mass production.

®. Design changes and studies were completed to

reduce the material cost of the collector.
Since the previous analysis has indicated the
large quantity of copper used (5 1b/ft2) to be
a major contributor to the material cost, the
effort was on replacing copper with aluminum,
whenever good thermal conductivity is re-
quired and with iron whenever conductivity was
not important. Since both aluminum and iron
corrode under normal operational conditions, a
new effort for corrosion protection was launch-



‘ed and is progressing very well.

o Samples of aluminum coated with HERESITE P-413
were successfully tested under accelerated con-
ditions for over three months and exhibited ex-
cellent corrosion protection. The same is true
for iron samples, electrolytically plated with
0.0003" to 0.0007" thick layers of copper.

e It was established that fiberglass-reinforced
epoxy is satisfactory as packaging material.
One collector was constructed utilizing this
packaging technique. It is expected that this
method of packaging will reduce the cost of
the collector by almost $10/ftZ.

FUTURE ACTIVITIES

The first full scale residential system util-
izing ‘the integrated solar zeolite collector is being
built with private funds in Denver, Colorado. The
residential building has over 4000 ftZ of floor space
and it will use 39 zeolite collectors of 640 ft2 net
collection area. The system is expected to be com-
pleted on time for performance testing during the
cooling season - summer of 1981.

The office of the governor of the state of
Arizona has offered to contribute $50,000 for the
second full scale system in the U.S.A. which uses
the zeolite collector. The system will consist of
60 integrated zeolite collectors with a total col-
lection area of 984 ft2 and will be installed on a
residence with 4000 to 5000 ft2 floor space. At
this time final negotiations are being conducted
with builders, intallers in the Phoenix, Arizona
area and with the Salt River Water Authority, a

local utility, to determine the exact location, ow-
nership, etc. of the demonstration house.

The integrated solar zeolite collector will be
presented to the public at the ISES Meeting in
Philadelphia, PA at the end of May 1981. For this
purpose, it will be displayed at the exhibit, to--
gether with the solar refrigerator, at the booth of
The Zeopower Company. In addition, a paper describing
the collector and its performance has been accepted
and will be presented at the technical meeting at
Philadelphia, PA.

Test and evaluation samples of the integrated
zeolite collector have been purchased and delivered
to places as far as Italy and Japan. Further orders
for additional sample quantities have been received
from the Middle East and African countries. It is
expected that because of higher energy costs abroad,
the overseas market for the zeolite collector will
be at least as large as the.U.S. market by 1985.

PUBLICATIONS/REPORTS

Integrated Solar Zeolite Collector, Annual DOE
Contractors' Review Meeting, March 1980

The Use of Zeolites for Solar Cooling, Fifth
International Conference on ZeoTites, June 1980

Integrated Solar Zeolite Collector for Heating
and Cooling, Annual Conference and Exposition of
the International Solar Energy Society, May 1981

Final Report for Contract No. DE-AC03-78C$32117
for the period September 25, 1978 to September 24,
1980

~
CONTRACT INFORMATION
START DATE___9/25/78_ END DATE__9/24/81 CONTRACT VALUE $519,035
MILESTONES
- Item: - Due date:

1. Three pairs of collectors to sites in Arizona, Colorado and Massachusetts, delivered

when due

2. Final report for the first two yéars

3. Final report for the third year

4. Remaining four integrated zeolite collectors, to be delivered to' SERI, Golden,

Colorado

August 1980 .
May 1981 ’

September 1981

July 1981
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THE DOE SOLAR ASSISTED HEAT PUMP PROGRAM:

ITS EVOLUTION AND ITS POTENTIAL*

JOHN W. ANDREWS

SOLAR TECHNOLOGY GROUP
BROOKHAVEN NATIONAL LABORATORY
UPTON, NEW YORK 11973

ABSTRACT

Progress in the U.S. Department of Energy's
(DOE) Solar Assisted Heat Pump (SAHP) program is
described in terms of the progressive modification
of original assumptions on the basis of accumulating
experience. The ways in which these modifications
have led to enhanced system potential are explained.
A major impetus for progress has been the assimila-
tion and reconciliation of divergent systems analy-
sis results. Technical accomplishments in the pro-
gram to date are described, and needed future
activities are listed.

BACKGROUND

The SAHP program in the United States began in
1976 at the time of the formation of the United
States Energy Research and Development Administra-
tion, forerunner of the present DOE. The fundamen-
tal idea of the SAHP system is to collect solar
energy at temperatures too low for direct use in
space heating, and to use this heat as a thermal ~
source to the evaporator of a heat pump, which pro-
cesses the heat to the load at a higher temperature.
The intent of the concept is to improve the effi-
ciencyof both the solar collector and the heat pump
by operating in the 5 to 40 C temperature range,
which is low for a solar collector (relative to
collectors used for direct space heating) but high
for a heat pump (relative to air-source heat pumps).
The efficiency of a solar collector increases as its
operating temperature is lowered, while for a heat
pump the potential exists for increasing efficiency
by raising the source temperature. The system con-
cept envisioned at the program's inception rested
on five fundamental premises. These were:

1) The special heat pump required for SAHP
systems could be developed. The SAHP concept re-
quired the redesign of the heat pump to take advan-
tage of these source temperatures, since currently
available water-source heat pumps did not achieve
the continuously rising coefficient of performance
(COP) with rising source temperature that one would
expect from the Second Law of Thermodynamics.

2) The special low-cost SAHP collectors could
be developed, but collectors intended far higher-
temperature applications were inherently more expen-
sive because of the smaller thermal losses required.

3) The system would not require significant
amounts of backup heat. It was. thought that suf-
ficient area of low-cost collectors could be pro-
vided to prevent the heat pump from becoming starved
for heat from storage under normal operating condi-
tions.

4) The performance of the system in the cool-
ing mode would be enhanced. This performance

“Work performed under the auspices of the Active
Solar Heating and Cooling Division, U.S. Department
of Energy, Contract No. DE-AC02-76CH00016.
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improvement was projected on the use of parts of
the solar system, such as storage, in cooling.

5) Utility interaction was not a significant
concern for SAHP systems. ‘

Only the first of these assumptions has been
relatively unambiguously verified. The modifica-
tions which have been required in the remaining
ones, as a result of work performed in the SAHP
program, have led to systems with enhanced capa-
bilities, but they have also led to significant
changes in the system configurations, as explained
below.

AN

In the course of an investigation of solar col-
lector requirements for SAHP systems, a low-cost
collector was conceived which uses thin-film mate-
rials in both the absorber and glazing. Originally
intended as a low-temperature collector for use as
a heat pump source, it soon showed potential as a
medium-temperature collector capable of direct
space heating and even desiccant and absorption air '
conditioning applications. Such a development has
to have an impact on system optimization. It re-
required a modification of the second assumption,
but in a positive way not dreamed possible at the
beginning of the program.

System simulation, both at Brookhaven National
Laboratory (BNL) and elsewhere, showed that the
third assumption {concerning backup heat require-
ments) was untenable. With a view to avoiding
thermal starvation of the heat pump under conditions
of high heating load and low insolation, an in-
vestigation of the ground as an alternative source
of heat or storage element was begun. It soon be-
came evident that such use of the ground, or
"ground coupling" could exist on its own, without
active solar input, and so the question became,
not "Can ground coupling help a solar assisted heat
pump system?", .but "Can solar help a ground-coupled
heat pump system?" Such a question, of course, im-
plies economics as well as thermal considerations.
Here too, a development with very favorable implica-
tions has forced a reevaluation of systems.

In the ariginal system concept coo]in? was to
be accomplished by rejection of air-conditioning
waste heat to storage during the day, with subse-
quent cooling of storage by rejection to the cool
nighttime ambient via a fan-coil unit. While it is
possible that this concept may have merit in some
climates, the emphasis on ground coupling has led

to consideration of the ground as a heat sink for
cooling as well as a heat source for heating. Ambi-
ent ground is cooler than ambient air in the summer
time, but ground temperatures are driven up by con-
tinued rejection of heat into a restricted volume.
Performance improvement does result if the ground
coupling device is not too small. Another



possibility under investigation is that collectors
can be used as rejectors to share the cooling load
with the ground coupling device. In any case, the
validity of the fourth assumption is highly depen-
dent on system configuration.

The fifth assumption has been completely re-
versed and utility interaction is now considered to
be of very high importance. Considerable work on
the utility impact of ground coupled systems indi-
cates that the use of ground coupling can improve
a utility's load factor, whereas resistance backup
degrades it. This is because with resistance back-
up the utility must stand ready to meet the design
Toad of the building with electric heat at times
when solar storage is depleted and the ambient tem-
perature is low. The cost of this standby capacity
coupled with Tow electric energy sales to the solar
residence because of its high efficiency under most
conditions - results in a high unit price for elec-
tricity to the solar residence if it is not to be
subsidized by other users.

With ground coupling, the heat pump can be
sized to meet the design load of the building at
the minimum ground source temperature. The point is
that the ground temperature does not drop suddenly
with the air temperature during periods of extreme
cold but maintains a predictable minimum which is
much warmer than the design minimum air temperature.
Thus no backup is required and the maximum demand
on the utility is the design Toad divided by the
minimum heat pump coefficient of performance (COP).

Each of these developments has had its impact
on systems thihking, with a resulting sifting of
system configurations which has yet to run its
course. The current outlook can however be stated.
The solar/heat pump system configurations of great-
est promise appear to be the following:

1) A modest amount of direct-gain passive meets
about a quarter of the heating load, supplementing
a ground-coupled heat pump which supplies the re-
mainder of the heating load, the hot water, and
cooling.

2) Active solar energy is combined with ground
coupling, with long term in-ground storage of heat
on the order of months up to annual, the ground
serving to buffer the storage element against ther-
mal starvation at times of high demand and low inso-
lation. Examples of such systems are the Kaman
Sciences buried-tank system, the FAFCO system with
buried plastic plates and collector/rejectors, SAHP's
using a swimming pool as the storage element, the
BNL ground-coupled ice tank, multi-family ground
coupled SAHP's with Targe-volume storage, and heat-
pump-based solar ponds.

3) Active solar energy is used as input to a heat
pump in systems which use some means other than
ground coupling to avoid electric resistance backup.
Examples of such systems are bivalent SAHP's (fossil
fuel backup); gas-fired SAHP's; SAHP's for industri-
al process heat (year-round utilization); commercial
building thermal Toop SAHP's; and solar heat-pump-
based community energy systems.

4) Photovoltaics are used to provide electric
energy to operate the heat pump.

These options are listed in order from shortest to
Tongest term potential.

SUMMARY

Activities in the program can be divided into
the three major subsystem areas - heat pump, col-
lector, and storage - and also activities encompass-
ing the entire system. In the heat pump area, the.
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potential for high heat pump COP's at solar source
temperatures was demonstrated in the face of con-
siderable initial skepticism; and a marketable pro-
totype heat pump was fabricated which met the pro-
gram goal of a COP of 6 at 90°F entering water
temperature. In the collector area, a low-cost
collector design using thin-film polymeric materials
in both the absorber and glazing was developed,
fabricated, and tested. In the area of storage,
four types of in-ground heat exchanger configura-
tions were tested (horizontal pipe coil, vertical
sealed well, buried tank, and buried plastic plate);
and a TRNSYS-compatible computer model of in-ground
heat flow was developed and validated against ex-
perimental data. In the system area, a plethora

of SAHP system simulations were compared, analyzed
and synthesized; system analyses of certain ground-
coupled solar heat pump configurations were carried
out; and cost/performance goals for solar and ground-
coupled heat pump systems were veloped.

TECHNICAL ACCOMPLISHMENTS

- Demonstrated High COP Potential. Measure-
ments carried out at BNL as well as at Northrup and
Lennox have showed that electric powered vapor com-
pression heat pumps can attain impressive COP's at
high source temperatures. The keys to the attain-
ment of high COP's "in heat pumps are capacity con-
trol in the compressor(s), a condenser which is
large relative to the compressor, and an expansion
device capable of controlling superheat over a wide
range of mass flow rates. Northrup pioneered the
use of rotary compressors, which provide a COP edge
over reciprocating compressors as well as motor
unloading at high source temperatures.

- Fabricated High COP Heat Pumps. Northrup
completed and delivered to BNL for testing a pro-
totype dual-compressor heat pump. The characteris-
tics of this heat pump and the test results are de-
scribed in the accompanying paper on the BNL hard-
ware simulator. Northrup retained a second proto-
type which is currently undergoing system tests.
Lennox has fabricated a heat pump based on their
two-speed compressor; this machine is currently
undergoing testing at Lennox and should be on test
at BNL by the time these proceedings are published.
These are both residential-size machines. Dunham-
Bush Incorporated is fabricating a multiple-slide
screw compressor for commercial-size {~ 25 ton)
applications with the possibility of later
downsizing.

- Designed, Fabricated, and Tested Thin-Film
Collector Prorotype. A collector concept utilizing
thin-film polymeric materials in both the absorber
and glazing, bonded to a bent metal frame, was de-
veloped at BNL. Central to the design is a light-
weight, durable, long-life absorber using a laminate
of aluminum foil and a thin-film polymer. A proto-
type tested at the Florida Solar Energy Center
showed performance characteristics better than those
of the average all-metal collector. Further work
indicates the potential of the collector for appli-
cations up to the 150 to 200°F temperature range,
including desiccant and absorption air conditioning.

- Tested Four Types of In-Ground Heat Exchanger.

Work under the program has been carried out at BNL
(horizontal pipe coil, vertical sealed well, buried
tank); E-Tech Incorporated (horizontal pipe coil);
FAFCO Incorporated (horizontal pipe coil, buried
plastic plate); Kaman Sciences Corporation (buried
tank, buried plastic plate); and Oklahoma State
University (horizontal pipe coil, vertical sealed




well). Thermal performance and cost data were ob-
tained which were generally consistent. Both winter-
time heat extraction and summertime heat rejection
were performed, and the appropriateness of various
configurations for storage was investigated. Con-
tinuing liaison with European ground-coupling work
has been maintained.

- Developed and Validated a TRNSYS-Compatible
Ground Coupling Computer Model. The finite-element
computer model GROCS was developed at BNL and later
incorporated into a TRNSYS-compatible subroutine
package. These programs have been run and compared
with experimental data at BNL and at other ground-
coupling sites such as Oklahoma State and FAFCO. In
addition, approximately 35 copies of the card deck
and user's manual have been sent upon request to
laboratories around the world.

- Compared and Synthesized SAHP Systems Studies.
Systems analyses performed by BNL, by SAHP contrac-
tors, and by other laboratories under contract to
DOE gave apparently divergent results and stimulated
lively debate. Two major areas of agreement have
been reached which serve to clarify much of this
controversy:

1) Electric resistance is a bad backup to SAHP
systems and must be avoided;

2) Cost reduction from current standard solar
technology, both in the collector and in the balance
of system, is required and must be consistent.with
maintaining acceptable performance and system Tife.

These statements are equally applicable to
active solar space heating systems which do not em-
ploy heat pumps.

- Analyzed Ground-Coupled Solar Heat Pump
Systems. An analysis of ground coupled solar heat
pump systems which use the ground as source and
sink but not as storage was carried out at BNL.
Analyses of the potential of the ground as an active
storage element for solar energy have been performed
at BNL, Oklahoma State, and Kaman Sciences. FAFCO
is carrying out analyses of SAHP systems with empha-
sis on the potential for cooling performance en-
hancement. A set of cost/performance goals for
solar and ground coupled heat pump systems was de-
veloped at BNL on the basis of payback, cash flow,
and life-cycle costing.

FUTURE ACTIVITIES

The following activities have been identified
as integral to the completion of the DOE SAHP pro-
gram.

1) test prototype heat pumps developed by SAHP
contractors;

2) explore means for further COP improvement;

3) evaluate fuel-fired and absorption heat pumps;

4) optimize preferred ground-coupled heat exchange
devices;

5) advance design thin-film collector;

6) determine need for collector-rejector, and, if
needed, perform advance design;

7) perform component field tests of heat pumps
and collectors;

8) complete in-ground storage analysis;

9) complete assessment of cooling mode impact on
SAHP system configuration;

10) optimize hot water production;

11) develop means for balance-of-system cosl
reduction;

12) assess non-technical barriers to SAHP system
preliferation;

13) perform field tests of preferred systems;
14) develop system design guidelines and sizing

10.

R

12,

18;

14.

15.

16.

i1y

tools.
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LOW COST SOLAR FLAT PLATE COLLECTOR DEVELOPMENT *

BROOKHAVEN NATIONAL LABORATORY

WILLIAM G. WILHELM

CONTRACT NO. DE-AC02-76CH00016

OBJECTIVE

The project objectives have been to identify
cost goals for solar energy collectors consistent
with competitive economic advantage for space heat-
ing systems and to develop solar collector designs
consistent with these cost goals.

DESCRIPTION OF WORK

The initial part of the work performed over
the last three years established the need for Tow-
cost solar collectors as a critical factor in stimu-
lating a solar industry and in promoting a solar
space heating market in the interest of displacing
fossil fuel usage. This early analysis placed a
fairly severe constraint on collector and system
cost based on considerations of payback and cash
flow as well as 1life-cycle costing. Manufacturing
costs for the collector of ~ $11/m? ($1/ft2) and
installed costs of ~ $55/m? ($5/ft2) were indicated
as necessary goals. We were unable to find commer-
cial products with these characteristics. This
led to an in-house effort to identify solar collec-
tor designs consistent with these goals.

The work performed over the last two years has
demonstrated the potential for polymeric material
in solar collectors. The advantages of these mate-
rials include very low cost, high performance, and
durability sufficient to provide a 1ife cycle value
well in excess of initial cost.

The very Tow cost of these collectors is de-
rived from a design which permits very thin mate-
rial to be incorporated into the construction of
the collector. This is assomplished through the
use of laminate technilogy, high performance poly-
mer film, and a non-pressurized Tiquid absorber.
The mass production of this kind of collector is
expected to yield a factory cost of $13/m? and pos-
sibly less (see Table 1).

The most significant component of the design
is the absorber heat exchanger (Fiqure 1). This
unique component design differs from conventional
absorbers by the dramatic reduction in material re-
quired and the method of 1liquid transport through
it. Conventional absorbers are of heavy metal con-
struction and require some pressurization to func-
tion. The laminate absorber illustrated is made
with thin polymer film and aluminum foil for a
strong water-tight envelope that requires no pres-
surization. The absorber functions in a flow-back
mode. In operation, water is pumped to the upper
portion of the absorber and is permitted to flow
naturally back down through the absorber envelope
.and piping to storage.

*ork performed under the auspices of the Active
Solar Heating and Cooling Division, U.S. Department
of Energy, Contract No. DE-AC02-76CH00016.
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Table 1
MANUFACTURING COST BREAKDOWN FOR FLUOROPLASTIC FILM
SOLAR FLAT PLATE COLLECTOR PANEL WITH SINGLE WINDOW
AND OPTICAL SELECTIVE ABSORBER (3 m2 or 32 ft2 PANEL)
FRAME (GALVANIZED STEEL) 26 GAUGE, $ 2.40
4' X 8' @ $0.10/ft
WINDOW FILM - "TEDLAR PVF" (0.004 in.) 8.96
@ $0.28/ft2
ABSORBER 2 - "TEFZEL" (0.001 in.) each 14.08
@ $0.22/ft2)
2 - ALUMINUM FOIL (0.002 in.) 1.79
each @ $0.028/ft2)

ABSORBER COATING (SELECTIVE PAINT) 0.64
@ $0.02/ft2
LIQUID COUPLING 4 - @ $0.10 0.40
BONDING AND EXTRANEOUS HARDWARE (EST.) 0.50
INSULATION (HIGH TEMP. STRUCTURAL FOAM)  3.20
PRODUCTION AND LABOR 1.10
SUBTOTAL 33.07
ADD 15% ADDITIONAL OVERHEAD FOR 4.96
WASTE AND OTHER COSTS
TOTAL $38.00
O0R ($13/m2) § 1.19/ft2

ABSORBER COATING

ALUMINUM FOIL

POLYMER FILM
BOND LOCATIONS

Figure 1. Solar Absorber, with Laminate Detail

The polymer film in the laminate absorber forms
the flexible water barrier and the foil contributes
structural stability and lateral heat transfer. The
black surface that absorbs the sun's radiation can
be printed onto the foil. The total thickness of
the laminate absorber is 0.15 mm (0.006 in.) andcan
be manufactured for about $5/m2 ($0.50/ft2). The
polymer film used in the absorber (Teflon PVF) is
continuously tolerant to temperatures up to 400°F
and has very high chemical stability for very long
1ife.

Other design properties which contribute to
low cost are the use of polymeric film in the col-
Tector window (Tedlar PVF); the use of monocoque
contruction in which the absorber and glazing act
as stressed "skins" which add structural strength
to the frame; and the use of high speed manufactur-
ing techniques. Figures 2 and 3 show some details
of panel construction.



POLYMER FILM WINDOW
Figure 2. Collector Manifolding Detail

RIGID STRUCTURAL
INSULATION

RIGID METAL FRAME
350?!0“

Figure 3. Exploded view of Panel Construction

The absorber is designed for rapid fabrication in
volume using techniques common in the converting in-
dustry (Figure 4). Completed panels are sufficient-
ly light in weight that 10 m® (100 ft2) could be
carried to the roof in a bundle and installed as

a unit (Figure 5).

Figure 4. High Speed Production of Absorber

Figure 5. Installation of Five-Panel Units on Roof
TECHNICAL ACCOMPLISHMENTS

e Developed cost goals for the collector which led

to the rejection of conventional approaches and

to the exploration of thin-film technology. The
approach taken in this analysis was to consider
reasonable average values for collectable thermal
energy, acceptable payback periods, and plausible
fuel cost excalation rates. It was concluded

that the incremental system cost should not exceed
about ten times the first year's energy savings.
This conclusion was supported by Tater consider-
ation of cash flow and 1ife-cycle costing.

Invented a thin-film solar absorber suited for
high-speed continuous-roll manufacture at Tow
cost. The absorber comprises two sheets of alu-
minimum-foil/polymeric-material laminate bonded
together at intervals to form channels. The two
surfaces of polymeric material face each other,
and the water which serves as the heat transfer
fluid flows between them. The properties of the
two materials complement one another. The alumi-
num foil provides good lateral heat transfer
which maintains high efficiency even under incom-
plete wetting of the absorber and which serves to
prevent localized hot spots under thermal stagna-
tion. It also provides good dimensional stability.
The polymeric film component provides good tear
resistance and serves to protect the aluminum
from contact with the water, thus preventing
corrosion.

Fabricated and tested several flat-plate panels,
one of which was independently tested at the
Florida Solar Energy Center (FSEC). The absorber
is incorporated into a completed panel comprising
a light metal frame, the absorber film, the
glazing film, and rigid back insulation. The two
films act as stressed skins which add structural
strength to the frame. Several prototype panels
have been constructed and tested at Brookhaven
National Laboratory (BNL), and one has recently
completed testing at the FSEC (Figures 6 and 7).

Met performance goals. The following performance
goals have been met: 0 o
1, Stagnation tolerance to 200°C (400°F);
2. Efficiency parameters in the FSEC test
were vertical intercept F'ta equal to 0.75 and
horizontal intercept w/UL = 0.66 OF-hr-ft2/Btu
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Figure 6. Collector Performance Test Results

(0.129C-m?2/W). Some modules tested at BNL
reached 0.800F-hr-ft2/Btu (0.14°9C-m2/W).

. Panel weight 0.5 1b/ft2 (2.4 kg/m2).

. Efficiency maintained at Tow liquid mass flow
rates of ~ 0.025 gal/min/ft2 (0.017 kg/m2-s).

B w

FUTURE ACTIVITIES

The measured collector performance is highly
encouraging. Good wetting and heat transfer have
been observed. Collectors tested at BNL have shown
thermal performance sufficient to be applied to ab-
sorption and desiccant air conditioning. Such per-
formance is a strong function of the control of heat
losses from the solar collector and is Timited by
the upper thermal stagnation temperature which can
be tolerated by the materials in the absorber. The
upper temperature 1imit of these materials has given
encouragement that, with continued development, the
collector can be a good match for space cooling as
well as space heating and hot water applications.
Such development activity has been proposed.

PUBLICATIONS/REPORTS

1. J.W. Andrews, "Heat Pump Impact Upon Solar Col-
lector Design and Cost," Proc. 1979 ISES Int.
Congr., Atlanta, GA, May 1979.

2. J.M. Andrews and W.G. Wilhelm, "Thin-Film Flat-
Plate Solar Collectors for Low-Cost Manufacture
and Installation, BNL 51124, March 1980.

3. W.G. Wilhelm, "Low-Cost Solar Collectors Using
Thin-Film Plastics Absorbers and Glazings,"

Proc. Am Sect. ISES Ann. Mtg., Phoenix, AZ,
June 1980.

4, W.G. Wilhelm, "Flat Plate Solar Collector
Utilizing Polymeric Film for High Performance
and Very Low Cost," to be prescnted at the 1981
ISES Int. Congr., Brighton, England, August 1981.

5. W.G. Wilhelm, "Low Cost Solar Energy Collection
for Cooling Applications. in preparation.

6. W.G. Wilhelm, "Low Cost Solar Flat Plate Col-
Tector Development," Final Report, in preparation.

Figure 7. BNL Model "F" Solar Flat Plate Collector
(This 20 ft2 panel weighs 10 pounds.)
CONTRACT INFORMATION (FY 1981)
10/1/80
START DATE ol END DATE b, CONTRACT VALUE $55,000
MILESTONES

Item: Due date:

1. Collector Impact Study 5/79

2. Collector Design Report 3/80

3. Final Report 9/81
7.

5
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SOLAR HEAT PUMP SIMULATOR

BROOKHAVEN NATIONAL LABORATORY

MARK A. CATAN

CONTRACT NO. DE-AC02-76CH00016

OBJECTIVES

The solar assisted heat pump (SAHP) system's
potential for energy conservation depends on the
heat pump's ability to achieve the high coefficient
of performance (COP) that is possible with the high
source temperatures which can be supplied by solar
energy.

The objectives of the solar heat pump hardware

simulator project have been threefold:

1. To demonstrate the possibility of high heat pump
COP's to an initially skeptical industry;

2. To explore practical means to realize and en-
hance this high performance potential;

3. To test prototype heat pumps produced by con-
tractors under the SAHP program.

DESCRIPTION OF WORK

The Brookhaven National Laboratory (BNL) solar
heat pump simulator project was begun in 1977 at the
inception of the hardware development work by the
SAHP contractors, Northrup Incorporated and Lennox
Industries Incorproated. The simulator was utilized
to provide controlled-temperature sources and sinks
to an experimental water-to-water laboratory heat
pump test bed. This combination was used to demon-
strate and explore the potential of the vapor-
compression cycle to deliver high COP's at SAHP
source temperatures. Results from the simulator
were used in computer simulations of complete sys-
tems performed by BNL, by the SAHP contractors, and
by others. The Lennox 2-speed compressor was first
tested at high source temperatures on the BNL simu-
lator. In view of the decision by both contractors
to construct water-to-air (rather than water-to-
water) heat pumps, the BNL simulator was fitted with
an air-side test loop. The Northrup prototype heat
pump has been tested under steady-state conditions
on the BNL simulator, with results reported below.
Transient testing of the Norhtrup machine, and
testing of the Lennox two-speed heat pump will fol-
low. In addition to the heat pump testing, a con-
current exploration of means for further performance
improvements is being pursued in concert with
industry.

TECHNICAL ACCOMPLISHMENTS

- Constructed and Operated the Heat Pump Hardware
Simulator. At the same time contracts for the de-
velopment of SAHP's were awarded to Lennox Indus-

tries and Northrup Incorporated, construction of a
SAHP simulator was undertaken at BNL. The purpose
of the hardware simulator is to create a realistic
environment for the fast and accurate testing of

*Work performed under the auspices of the Active
Solar Heating and Cooling Division, U.S. Department
af Energy, Contract No. DE-AC02-76CH00016.
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1iquid source heat pumps.
of:
- testing heat pumps of up to 8 ton capacity
- testing liquid-to-water or liquid-to-air heat
pumps
- on line data reduction by digital computer
- simulating source temperatures from -10 to 45 C
(14 to 113 F) and load temperatures from 10 to
70 C (50 to 158 F)

The simulator is capable

The three subsystems of the SAHP simulator are
depicted semischematically in Figure 1 as they are

MY —t0
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=

OWNETER *
HEAT EXCHANGER [&
e roeTRE el
COMTROLLER
e B

TIIeAL LT TO
DATALOGGER

WATER SOURCE SUBSYSTEM WATER LOAD SUBSYSTEM

Figure 1. Solar Assisted Heat Pump Hardware

Simulator

arranged for the testing of water-to-air heat pumps.
The Water Source Subsystem and Water Load Subsystem
alone comprise the simulator as it was used for
testing an experimental water-to-water laboratory
heat pump test bed. The capability for testing
liquid-to-air heat pumps was added to the previously
liquid based heat pump hardware simulator at BNL by
the construction of an instrumented duct system
called the Air Load Subsystem, The Air Load Sub-
system provides for measurement, and control, of
all conditions pertaining to the air side of the
heat pump. In the water-to-air testing mode, the
Water Load Subsystem is used by the Air Load Sub-
system to withdraw heat from the heat pump's supply
air via an air/water coil, at a rate which is con-
trolled to keep the temperature of the air returned
to the unit at a constant temperature (usually at
residential space temperatures of 20 to 21 C (68

to 70 F). A1l instrumentation and procedures fol-
low closely the recommendations of ASHRAE.[1]

- Demonstrated the Potential for High COP at Solar
Source Temperatures. At the same time construction




of the simulator was begun, construction of a resi-
dential size experimental water-to-water solar heat
pump was undertaken at BNL to be tested with the
simulator to explore the details of the vapor com-
pression cycle at high source temperatures and es-
tablish performance goals. The Laboratory Model
Heat Pump employed components and controls which
allowed it to operate effectively at high source
temperatures. It used a variable speed compressor,
heat exchangers that were large relative to the
compressor, specially selected thermal expansion
valves, and a receiver. The original open type
Dunham-Bush compressor was later replaced with a
Lennox 2-speed hermetic compressor to obtain per-
formance results needed by Lennox Industries in
their SAHP development effort. The tests of the
Laboratory Heat Pump demonstrated that very high
COP's are attainable, exceeding 9 at entering tem-
perature (EWT) of 43 C (110 F), with motor unload-
ing obtained at low speed.[2,3] A1l components be-
haved well and no detrimental effect to the compres-
sors were noted.

- Tested the Northrup Prototype Solar-Source Heat
Pump. A prototype SAHP has been delivered by North-
rup Incorporated to BNL as part of a U.S. Department
of Energy (DOE) sponsored SAHP development contract.
The prototype has been tested on the BNL SAHP simu-
Tator with the recently installed Air Load Subsystem.

Features of the final Northrup design are:
1-1/2 ton and 2-1/2 ton rotary compressors with
common suction and discharge lines and separate
accumulators
coaxial evaporator with refrigerant in the inner
Tine
the condenser is a three row slanted air-cooled
coil
the expansion device is an electric expansion
valve
Cooling is achieved via a separate water/air
heat exchanger which receives chilled water from
Lhe heat pump, the condenser being cooled by out-
side air.

The configuration of the Northrup system is depict-
ed in Figure 2.
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HEAT PUMP
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REFRIG-AIR HX

— WATER-AIR
HX
PUMPNDDULE—7
N
Low i I
TEMPERATURE |
STORAGE N LEac--J
N Pump-4
Figure 2. Northrup SAHP System

The conditions under which the heat pump was
tested were staggered to minimize the appearance of
extraneous trends in the data. Test conditions for
which Northrup supplied data were duplicated.
Steady state was ensured by allowing the unit to
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run for thirty minutes after target temperatures
and flow rates were established.

Figures 3 and 4 show the Northrup test results

and the BNL test results in superposition.[4] The
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Figure 3. Heating Capacity vs Flowrate for Four

Values of Entering Water Temperature
(EWT) - Northrup and BNL Test Results

greatest discrepancy between the two heat capacity
results amounts to less than 10%. The COP data are
in excellent agreement. The contribution of the
heat pump fan was not included in calculation of
heating capacity and COP, Fan power requirement
was approximately 300 watts, water pumping power
requirement was approximately 150 watts at 30 L/m
(8 gpm) (the latter from measured pressure drop

and assumed 50% efficiency).

A nominal goal of a COP of 6 at 32 C (90 F)
entering water temperature was set for the SAHP
program contractors. Northrup claimed to have
reached this goal. The results presented here
show that this goal has been approximately at-
tained with the prototype. Since the prototype is
of a design which may be readily manufactured,
these results are encouraging to the DOE program.

FUTURE ACTIVITIES
In order to predict the seasonal performance of

the Northrup prototype SAHP the unsteady state be-
havior of the unit will be determined via further
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tests on the simulator. The simulator will be mod-
ified so that room air will be drawn into the unit,
supply air being cooled and vented into the test
room. This will allow constant temperature air to
be drawn into the unit during the start up period
of the heat pump. The data acquisition system
scanning rate will be increased to increase the
temporal resolution of the performance data. The
heat pump will be operated at various cycle rates
and with various entering water temperatures. The
benefit of allowing the heat pump fan to run longer
than the compressor to distribute residual heat in
the condenser will be assessed. The unsteady state
test data will then be used in computer simulations
to determine the performance potential of the
Northrup SAHP.

The Lennox prototype SAHP will arrive in mid-
1981. It will be tested in a fashion similar to
that by which the Northrup was tested. The air Toad
subsystem will not be a closed loop because unlike
the Northrup unit cooling is done in the refrigerant/
air coil of the unitary machine requiring air humid-
ity pretreatment and measurement.

Several manufacturers have been invited to par-
ticipate in a heat pump component optimization study
whose objective is to identify heat pump components,
particularly heat exchangers, which promise to make
further performance improvements possible in prac-
tical water-source heat pumps. There will be two
parallel paths to this effort. One will emanate
from experimental and computer analytical studies
and be directed toward the detailed characterization
of total SAHP system performance. The other path
will be a program of experimental heat pump compo-
nent studies employing the simulator and the ex-
perimental laboratory heat pump to test existing
and experimental components and control strategies.
The two programs will share salient results, eventu-
ally leading to a clearer view of what SAHP systems
are the most capable of exploiting the potential of
the vapor compression cycle, and the heat pump con-
figurations that are most suited to those systems.
Eight manufacturers have demonstrated interest in
this program. They represent a wide range of heat
exchanger products and several novel approaches to
Tinking the heat pump with the solar heat storage
element have been suggested.

REFERENCES

1. ASHRAE Standard 37-38: Methods of Testing for
Rating Unitary Air Conditioning and Heat Pump
Equipment. Also ASHRAE Standards 41.1-74,
41.5-75, 41.7-78, 41.8-78.

2. Kush, E., "Experimental Study of a Series Solar
Heat Pump," Proc. 4th Ann. Heat Pump Conf.,
Oklahoma State Univ., Stillwater, OK, April 1979.

3. Kush, E., "Performance of Heat Pumps at Evaporat-
ing Temperatures with Application to Solar
Input," ASME J. of Solar Energy Engr., August
1980, pp. 203-210.

4, Catan, M. and Kush, E., "Results of Tests of a
Prototype Solar Assisted Heat Pump," Proc. of
16th Ann. IECEC, Atlanta, GA, August 1981.

CONTRACT INFORMATION  (FY 1981)
START DATE__10/1/80 ENDDATE___9/30/81  CONTRACTVALUE___ $175,000
MILESTONES
Item: Due date:
1. Determine High COP Potential 3/79
2. Test 2-speed Compressor in SAHP 4/80
3. Test Northrup Heat Pump 7/81
4. Test SAHP Heat Fxchangers 9/81
5. Test Lennox Heat Pump 12/81




MULTIPLE SLIDE SCREW COMPRESSOR

DUNHAM -BUSH, INC.

JOSEPH A. L. N. GAGNON

DE-AC03-79CS30035

OBJECTIVE

The objective‘of this project is to develop
the best possible compressor for use in Series
Solar Heat Pump Systems. The compressor must be
able to operate at extremely high efficiency levels
from a compression ratio as Tow as 1.5 up to a com-
pression ration as high as 6.5. The compressor
must have the capability to efficiently adjust to
the widely varying inlet flow requirements as dic-
tated by the operating conditions of the Series
Solar Heat Pump System.

DESCRIPTION OF WORK

In order to commercialize the solar assisted
heat pump concept, it is necessary to develop high
compression efficiencies over a wide range of op-
erating conditions. The program is intended to
demonstrate the potential of advanced concept
helical screw compressors for that purpose up to a
maximum of 25-ton heating capacity.

Presently, there are no compressors on the
market that can obtain the performance level esti-
mated herein for a two-speed, vapor-injected 25-ton
helical screw compressor.

MALE ROTOR

DISCHARGE

FEMALE ROTOR
ROTATION

Figure 1. Helical Screw Rotor Set

Explanation of Fig. 1. In Fig. 1, compression
of the vapor is started at the top rear of the dia-
gram and high pressure discharge vapor exits as
shown in the top front. The right hand rotor ro-
tates in a counterclockwise fashion, whereas the
left hand rotor rotates in a clockwise fashion as
shown on the diagram.

Explanation of Fig. 2. To show in detail the
discharge port and the suction bypass ports, Fig. 2
is shown in a different orientation than Fig. 1.

In this figure, the inlet is at the top right while
discharge is at the bottom left. The rotors have

been left out for the sake of clarity. The central
valve is the compression ratio slide valve and can
be moved axially along its axis. If the compres-
sion ratio slide is moved to the right, the dis-
charge port formed by the valve will open to dis-
charge sooner and less compression of the pumped
gas will take place. If the compression valve is
moved to the left, the discharge port will open to
discharge Tater and more compression of the pumped
gas will take place.

BYPASS PORT
TO INLET

VAPOR INJECTION
PORT

COMPRESSION RATIO
SLIDE INDEPENDENTLY
VARIES DISCHARGE
PORT TIMING

DISCHARGE

CAPACITY SLIDE

Figure 2. Potential Slide Valve Concept

Also shown in Fig. 2 is a capacity slide. The
method demonstrated is called suction bypass. That
is, during part load operation a portion of the gas
taken in the inlet port is allowed to return back
to the inlet before any appreciable work is expen-
ded on it. If the capacity slide is moved axially
to the right, the bypass ports will be sealed and
full capacity operation will result. As the slide
moves to the Teft, the bypass ports progressively
increase in size which progressively reduces the
compressor capacity.

Also shown in Fig. 2 is a vapor injection port
which will allow the near-ideal Tiquid expansion
process as shown in Fig. 3. This port will aTso
allow the compressor to accept vapor from an evap-
orator that is operating at a higher pressure Tevel
than that evaporator that is feeding the compressor
suction. This means that the compressor has the
ability to accept energy simultaneously from two
different sources. An example of this would be a
lower level ground source and a higher level solar
source. :
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Figure 3. Pressure-Enthalpy-Diagram

Explanation of Fig. 3. Fig. 3 demonstrates
one of the advantages of the injection port. In a
typical pressure enthalpy diagram, condensing takes
place as shown. In a conventional system, the
condensed liquid then passes through some type of
expansion device before entering the evaporator.
The conventional process is constant enthalpy and
therefore appears as first a solid and then a
dashed line on the diagram. Obviously,. a consider-
able amount of flash gas is generated during this
expansion process and this flash gas must enter the
evaporator and accomplishes no useful refrigeration
effect. Yet, in the conventional process, this
flash gas must be compressed all the way from the
lower evaporating level up to the condensing level
thus consuming compression energy with no useful
benefit at all. With the injection port, we can
allow a process as shown. The condensed liquid
from the condenser, instead of being flashed all
the way down to the evaporating level, is now
flashed approximately half way down (consjdering
temperature differential between condensing and
evaporating). The flash vapor thus generated is
separated and injected into the compressor by the
injection slide at the appropriate point along the
compression process. The temperature of the re-
maining liquid has now been reduced to the pressure
corresponding to the flashing pressure. There are
two ways to look at the thermodynamic cycle advan-
tages of doing this.. As can be seen from the dia-
gram, a considerable increase in refrigeration ef-
fect is seen with the 'near-ideal expansion as com-
pared to the typical expansion. This increase in
‘refrigeration effect has been gained at no addi-
tional mass flow required by the compressor at its
low pressure intake point. What has occurred is
that a moderate amount of flash vapor has been gen-
erated at a moderate pressure as shown in the dia-
gram. This -flash vapor now enters the compressor
after compression has already progressed signifi-
cantly and therefore only has tv be compressed part
way up to the condensing level. This cycle as
demonstrated js similar to the flash economizer
cycle used in most two-stage centrifugal air con-
ditioning systems. Another way of looking at the,
cycle from the vantage point of heating is as fol-
lows. A typical cycle would have compressed an
amount M, as shown all the way to condensigﬂelevel.

The heating effect would then be Mh times
enthalpy change occurring in the heating conden-

-er. The coefficient of performance would be the
eating effect divided by the compression energy
cequirement. With the near-ideal Tiquid expansion

process, an increased .mass flow now passes into
the condenser. The new heating effect is now ML
plus My as shown. Obviously, the energy compres-
sion requirements for the additional mass My is

less than the compression energy requirement per

pound for M. Therefore, it can be seen that the
heating energy delivered to the condenser'compgred
to the compression energy required to deliver it
js less if we consider the near-ideal liquid ex-
pansion process. This near-ideal 1iquid expansion
process is one of the thermodynamic cycle advan-
tages made possible by the utilization of the
multislide screw compressor.
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Figure 4. Estimated Heating COP

Explanation of Fig. 4. Fig. 4 is included to
show the estimated heating coefficient of perfor-
mance for evaporating levels from 20 F through 80°
F. and condensing levels from 100°F through 140°F,

The curve as drawn considers the suction by-
pass sTide to.be in the fully loaded position.
However, the flexibility allowed by ‘the compres-
sion ratio slide and the suction bypass slide will
allow the part load COP to be quite close to the
full load COP at the same evaporating and condens-
ing levels.

|

Explanation of Fig. 5. Fig. 5 is included to
show the part load 70 power. This is the power at
part load shown as a percent of the power at full
load. A two-speed motor is utilized as well as
the suction bypass slide valve. There is no re-
balance of system operating conditions considered
in these curves. The evaporating and condensing
temperatures at part load are considered to be
identical with those at the full load condition.

The multi-slide screw compressor is a device
capable of operating at various inlet flows -and
any desired compression ratio. The machine is in-
herently reliable; only two rotors are-employed,
both supported by anti-friction bearings. 0il in-
jection is employed and near-isentropic compres-
sion levels are always enjoyed. In addition to
this, a secondary or moderate pressure intake level
is allowed thus allowing for the near-ideal liquid
expansion process as explained, as well as allowing
for an additional evaporating source level higher



than the primary source level. This allows such
items to be considered as simultaneous coupling
with earth and solar sources. The earth source
obviously would be developing vapor at the lower
.evaporating level, whereas the solar source would

be developing vapor at the higher evaporating level:
The actual mass flow involved in both streams could.

be approximately equal or could be widely varying
as the demand and the sources allow. This simulta-
neous dual source capability would certainly allow
the low side heat exchangers to be utilized most
effectively and will avoid overpulling them. The
potential capacity of such a compressor is signifi-
cantly enhanced through utilization of the basic
compressor displacement twice.
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Figure 5. Part Load Performance

TECHNICAL ACCOMPLISHMENTS

Development of computer models to simplify
compressor performance analysis.

Proving by actual test that the originally de-
veloped concept for compressor capacity control
was not completely satisfactory from an energy
reduction standpoint.

Development of alternate unloading concepts that
still allow necessary independent variation of
internal compression ratio. The new concept is
shown in this paper. .
Overall simplification of original compressor and
system concepts, i.e., current approach favors a
two-speed two-slide machine.

Generation of predicted performance maps for
various configurations of compressors.

Prototype design has been completed yet some
simplification redesign is now taking place.

FUTURE ACTIVITIES

It is expected that various performance estimates
and experimental results can be used in order to
provide a basis for synthesis of advanced solar
systems. A fundamental key to Series Solar Heat
Pump Systems of the future are the best possible
compression concepts. It certainly is expected
that this project will result in the proper de-
velopment of these concepts. As such, commercial-
jzation of the various ideas should present no
problem as the cost levels of the developed
machines are not expected to be significantly above
those of less capable production type compressors.
It is expected that it will not be difficult to
therefore identify the overall cost effectiveness
of the enhanced performance of the developed
machines as they relate to Series Solar and other
Heat Pump Systems.

START DATE__Sept: 1979

ENDDATE_Feb. 1982

CONTRACT INFORMATION

CONTRACT VALUE

$627,151.

MILESTONES
Item:; Due date:
1. Testing of existing research machine, data and analysis Nov. 1980
2. Estimated performance map for 25-ton multislide compressors. Apr. 1981
3. Detail design and drawings for 25-ton multislide compressors and test loop. Apr. 1981
4. Procurement, fabrication and assembly of 25-ton multislide compressors and Aug. 1981
test loop.
5. Testing of 25-ton multislide compressors, data and analysis. . Feb. 1982
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DEVELOPMENT AND ANALYSIS OF A GROUND COUPLED SOLAR ASSISTED

HEAT PUMP SYSTEM FOR RESIDENTIAL APPLICATION

FAFCO, INCORPORATED

JONATHAN C. BACKLUND, PRINCIPAL INVESTIGATOR '

CONTRACT NO. DE-AC03-80CS30224

OBJECTIVE

The object of this project 1s to research the
technical and market feasibility of a novel ground
coupled solar assisted heat pump system for resi-
dential space conditioning. Specific project goals
are to experimentally investigate the heat rejec-
tion capability of several all polymer solar col-
lector designs, to experimentally and analytically
investigate the performance of a planar earth heat
exchanger, to simulate the thermal performance of
the space heating and cooling system, and to de-
fine a potentially viable market "niche" for such
a system.

DESCRIPTION OF WORK

Combined solar heat pump systems, both series
and parallel confi§utations, have been studied ex-
tensively.1 23 Many researchers have conclud-
ed that such combined systems are not economically -
viable today in any form.

Ground coupling, the use of the earth asa
gsource and sink for the heat pump, has also been
the subject of study and experimentation.?

When combined with solar heat pump systems, the
earth provides energy source during periods of in-
sufficient solar collection, avoiding electric re-
sistance heat. During the cooling season, the
earth can be a relatively cool heat sink, allowing
more efficient cooling than conventional air con-
ditioners or air to air heat pumps, which must re-
ject heat to a warm ambient.

The FAFCO program goal is to accomplish space
conditioning with a system that may eliminate some
of the problems inherent in the systems analyzed
and rejected by other researchers. A significant
deviation from other studies is the emphasis on ef-
ficient cooling mode operation. Sun belt areas
could be an attractive market, with much new con-
struction, more available solar for heating, and
the potential for reducing high cooling energy
costs. A second novel feature is the use of inex-
pensive plastic solar collectors for heating, which
can -also operate effectively as nocturnal heat re-
jectors for cooling. A third feature is a unique
ground coupling geometry to provide COP improve-
ments in both heating and cooling. By using buried
flat plates, rather than the more usual serpentine
pipe coil or buried tank, large heat exchange areas
can be realized with perhaps lower construction
cost, less land area, and improved heat exchanger
performance. It is noteworthy that all equipment
is used in both heating and cooling operation.
Figure 1 is a schematic representation of the FAFCO
GCSAHP system. '

~ tested.

SOLAR COLLECTORS/
HEAT REJECTORS

— STORAGE
TANK

HOUSE-

- FLAT PLATE EARTH HEAT
EXCHANGERS

GROUND COUPLED SOLAR ASSISTED HEAT
PUMP SYSTEM SCHEMATIC

FIGURE 1:

TECHNICAL ACCOMPLISHMENTS

Collector/Rejector Research

A key element of the.FAFCO GCSAHP system is
an inexpensive solar collector which can also ef--
fectively reject energy at night. Three candidate
collector/rejector prototypes have been built and
Two types of thermal experiments, daytime
stagnation and nighttime heat rejection, were done
to establish collector/rejector thermal performance.

The three designs are essentially single
glazed flat plate solar collectors whose heat loss
coefficient, U , is made to increase in the heat
rejection mode, U, is modulated in these collector/
rejector designs by 1. varying the spacing between
glazing and absorber plate (glazing spacing),

2. actively removing heated air from the space be-
tween glazing and absorber (forced convection), and
3. opening several transverse slots in the glazing
to vent the space between glazing and absorber
(natural convection). '

The results of these collector/rejector per-
formance experiments are shown in Figure 2. It was

-found that both daytime stagnation and nighttime

heat rejection experiments yielded reasonable and
consistent values of the heat loss coefficient, U .
From these experiments, the following conclusions
can be drawn: .
1. The thermal performance of the air flow
control design is best, the design is straight
forward, but it requires electrical power and
is not failsafe.

2. Glazing spacing control design gives satis-—
factory thermal performance, but it is very
sensitive to small gaps and is a more diffi-



cult design to exécute.

3. Heat removal by natural convection between
absorber and glazing is only marginally ef-

fective.
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FIGURE 2:

GROUND COUPLING -RESEARCH

An integral component of the space condition-
ing system is the earth heat exchanger, ‘also krown
as ground coupling. 1In the heating mode, the earth
is a back up source to the heat pump when solar in-
put to storage is insufficient, avoiding resistance
heat. In the cooling mode, the earth acts as a
heat sink for some of the energy rejected by the
heat pump to storage. Performance improvement over
air/air heat pumps or air conditioners is possihle,
since the ground is usually cooler than ambient
when there is a cooling load.

A common ground coupling geometry is a 1000’
long 1-1/2" plastic pipe buried at a depth of 3 to
4 ft. An alternative method is to bury perhaps
200 to 300 ft. of 3 ft. wide flat plate heat ex-
changer at the same centerline depth. It may be
possible to obtain substantially more transient and
steady energy exchange per unit length of trench,
due to the much greater surface area of the plate
in contact with the soil. Reductions in installa-
tion cost and required land area may result. FAFCO
has designed, constructed, and run a set of ground
coupling experiments in which the heat exchanger
performance of pipes and plates has been compared
directly. Figure 3 is a schematic representation
of the piping and instrumentation. Figure. 4 shows
experimental results of sequential constant temper-
atures heat extraction experiments. Other field
experiments have been run to test system transient
response to cyclic heat extraction and heat injec-
tion. A detailed finite element heat transfer
model has been used to simulate the performance of
both ground coupling geometries. Agreement with
the field experiments is excellent.

System Thermal Analysis

The thermal performance of the GCSAHP system
has been simulated in five areas (Fresno, Los An-
geles, Fort Worth, Charleston S.C., and Washington
D.C.) using the TRNSYS model. Other systems model-
ed were air/a}r heat pump, direct solar heating/
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electric cooling, and an earth/air dual source heat °
pump. Unique features of the TRNSYS modeling are

the use of the GROCS subroutine for planar ground

coupling arrays, nocturnal rejection via variable

U_ solar collectors, and a high performance water

source heat pump (solar optimized, rotary compres-
sor) with a desuperheater for dhw heating.

Annual comparative results for Fresno are given in
Table 1, below:

SYS.A SYS.B  S8YS.C SYS.D
HTG .LOAD 56.5 56.5 56.5 56.5
CLG.LOAD. 48.6 48.6 48.6 48.6
HTG.ELEC. (INC.DHW) 39.4 19.3 22.3 21.4
CLG.ELEC. 19.3 - 18.5 13.5 15.0
FREE ENERGY % 0.44 0.64 0.66 0.65 .

(ALL UNITS IN 10® BTU)
System Sizing Notes:

A
B

Air to Air Heat Pump: 3 ton Carrier system.
Direct Solar-Electric Cool: 540 ft? Revere se-
lective surface, Carrier A/C.

Dual Source Heat Pump: Fedders Compression Fur-
nace, 260 1.f. plate earth hx.

GCSAHP System: Fedders Compression Furnace, 260
1.f. plate earth hx, 220 ft? unglazed collector,
500 gal. tank.

House (load): 2,400 f£t? energy efficient, Ca.
Title 24.

TABLE 1: TRNSYS SIMULATION RESULTS

c

D



The TRNSYS results have not as yet been thoroughly

~ analyzed. However, preliminary conclusions are
-that, for the Fresno climate:

1. The dual source (earth/air) heat pump per-

formance is similar to the GCSAHP system.

2. Unglazed colléctor/rejectors perform as
well as the variable U, collector/rejectors
modeled (results not skown here).

3. A high COP heat pump is essential if sig-
nificant energy savings over -air to air units
are to be realized.

4. Ground coupling is an essential element in
the GCSAHP system, both as a minimum COP back-
up in heating, and as a heat sink in climates
with high cooling loads.

5. It is difficult to meet the cooling load
at all times in hot humid areas such as Fort
Worth with a reasonably sized GCSAHP system.

COMMERCIALIZATION & MARKETING ANALYSIS

A possible "market niche" has been defined.
The proposed GCSAHP system may be cost competitive
with conventional systems in sunbelt areas where
cooling and heating loads are about equal. Ade-
quate cost effectiveness is computed using life
cycle costing and the assumption that the buyer is
interested in realizing a net positive cash flow
as soon as possible.

Key features of the FAFCO marketing study are as
follows:

1. A significant customer benefit can be seen
with cash flow analysis, not necessarily pay-
back.

2. Tax credits improve the economics substan-
tially.

3. Heating and cooling loads of similar size
allow reasonable system eizing, and allow the
equipment to be fully utilized all year. The
dhw load is also satisfied by this system.

This leads to very good annual energy savings.

4. Low cost collectors, ground coupling, and

an advanced heat pump are essential elements.

5. The heat pump is not included in the sys~
tem cost, .as this item would be purchased at
a comparable price for central air condition-
ing in the new home in any case.

6. The GCSAHP system is most appropriately
applied to new homes (not retrofit) larger
(2400 £t2) than average. A key result of the
marketing analysis to date is that, in Fresno
the proposed GCSAHP system would have a posi-
tive cash flow in less than five years.

FUTURE ACTIVITIES

Research will continue on the flat plate
gtround coupling concept and TRNSYS simulations.
Given better defined technical input, market re-
search will proceed. ’
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DOUGLAS M. JARDINE, P.E.
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OBJECTIVE

The objectives of this project are to stimulate
the development of preferred solar assisted heat
pump systems; and, to improve the data base for
these solar assisted heat pump systems.

DESCRIPTION OF WORK

The word Phoenix in the project refers to the
name of the system developed on this project. This
system provides space and water heating and space
cooling service for a broad range of building types.
Figure 1 shows the basic system concept where the
system employs an electric water source heat pump.

THE HEAT PUMP IS IN SERIES
BETWEEN THE LOAD AND STORAGE,
AND BETWEEN THE LOAD AND
UTILITY,

utility; and, “the system must be competitive in
cost and re11ab1hty with other available systems.

Phoenix systems have been 'instaHed in 3
types of buildings in 3 different climatic loca-
tions and ‘operated for 21 months to produce per-
formance data, reliability and availability pro-
files, cost data, prove the annual thermal energy
storage carry over of the patented volume domi-
nated ground coupled storage device used, and to
produce hereto for unpublished data on the dy-
namic thermal gradient and .moisture migration
characteristics that occur in the ground around
the cost-effective type of storage device employed
in the Phoenix System. The Phoenix System employs
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FIGURE 1

The basic criteria that have guided the suc-
cessful development and testing of the Phoenix
System are that the system must be considered as a
subsystem to the utility with which it interfaces;
the system must be compatible with the interfaced
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BASIC PHOENIX SYSTEM CONCEPT WITH ELECTRIC HEAT PUMP

off-the-shelf components which have a successful
commercial history in -similar applications.

~ Three of the systems have been stress tested
under continuous Toad to produce reliability and



availability data, while the fourth system has been
operated normally in a residential application to
focus on commercialization aspects of the system in

two specific wutility service areas -

Colorado

Springs and Denver, Colorado. - Tests were conducted
mploying an electric heat pump, and the design of a

iatural
been completed.

TECHNICAL ACCOMPLISHMENTS

gas powered heat pump Phoenix System has

° The Phoenix System won the coveted IR-100 award
for 1980 for being one of 100 most significant

products developed during the year.

. It has been demonstrated that utility compati-
bility is a separate issue for each different

utility - they are all very different.

The

Phoenix System is proven as a new capacity and

fossil fuel substitute when

interfaced with

either a natural gas or an electric utility,

and such is capable of avoiding
utility marginal costs.

significant

'] The cost of energy from the Phoenix System's

storage is
of energy from natural

significantly cheaper than the cost
gas or electricity in

Colorado Springs and Denver, and the first cost
of the Phoenix System with an electric heat

pump after Colorado Tax Credits

is lower than
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NET OWNING AND OPERATING COST

first cost of a natural gas furnace and water

heater for the same load.

The Phoenix System's availability under normal
use exceeds 99% and this sytem has reliability
equal to a natural gas space and water heating
system. :

The Phoenix System's thermal storage has
annual carry-over and is an infinite capacity
heat source and heat sink for the heat pump -
thus eliminating the need for a backup system.
It has been proven that thermally driven
moisture migration occurs in the ground around
the storage tank which optimizes system per-
formance during thé peak heating season. It
has been proven that a non-cohesive soil
envelope of proper gradation and at least one
foot thick around this system's ground coup-
1ing storage device is of strategic impor-
tance. It appears that under normal operating
conditions the majority of the thermal inter-
change with the ground occurs within three
feet of the storage device, and that under
extended peak Toad the thermal gradient moves
farther out in the soil.

Figure 2 summarizes the comparison of owning
and operating costs for an average residential
14
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heating customer in Colorado Springs and
Denver using either a natural gas furnace and
water heater system or the Phoenix System, and
shows the electric Phoenix System as most cost-
effective in Denver.

. Figure 3 shows storage performance at the
Colorado Springs project over the term of the
project demonstrating these attributes for this
storage: 1) Storage supplied heat required for
first heating season from cold start in fall
within a temperature range that allowed the
heat pump to supply full
ing load; 2) Storage absorbed condenser and
collector heat during cooling season within an
acceptable temperature range for the heat pump;
and, 3) the summer stored heat carried over
into the second heating season and allowed the
storage to support the heat pump at a signifi-
cantly higher storage temperature during the
peak heating season load than occurred during
the first heating season. Thus annual stored
heat carry-over has been proven.

FUTURE ACTIVITIES

The Phoenix System employing an electric heat
pump is ready to be commercialized for new building

space and water heat- -

and retrofit (where the existing heating system is
being replaced as part of an upgrading project)
applications. The Phoenix System employing the
patura] gas heat pump is ready for prototype test-
ing.

Plans are made to commercialize the Phoenix
System. Venture capital and the other aids neces-
sary to overcome the institutionalized market that
must be penetrated are sought. These plans provide
a market path through traditional HVAC market
channels for potential users who would like to
purchase the system, and a second market path is
defined employing system leases for potential users
who wish to neither own the system nor be respon-
sible for its maintenance.

Plans are made and funds are sought to com-
plete the prototype testing of the Phoenix System
employing the natural gas heat pump.

PUBLICATIONS/REPORTS/REFERENCES

Jardine, D. M., Jones, D. W., "Phoenix House:
Solar Assisted Heat Pump Evaluation,” Final Report,
EPRI ER-712, March 1978. . .

Jardine, D. M., Jones, D. W., "Extension of Phoe-
nix/City of Colorado Springs. Solar Assisted Heat
Pump Project," Final Report, June 1981, DOE Con-
tract DE-AC03-79-CS$30207.
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Ground Coupling and Heat Pump Compatible Solar Collectors

Alternate Energy Systems Division, Science Applications, Inc.

Dr. Jerry M. Alcone

DE-AC03-80CS30219

Abstract -

Thermal storage for varfious solar heat pump
systems concepts via ground coupling shows

promise in contributing to the economic viability
of these concepts. .Similarly there is a need

for collectors that are expressly suited to solar
heat pump applications. The effort reported here
consisted of a survey to identify and document
existing ground coupling heat transfer analyses and
simulation codes and to abstract and organize the
literature in this field. Ground heave, freezing
and moisture migration models and analyses were
also investigated. In conjunction with this
effort the performance and economic characteris-
tics of solar heat pump compatible collectors were
identified and the existing commercially available
collectors surveyed to identify promising collec-
tors. Innovative collectors and ground coupling
concepts were also identified and discussed.

Objective
The primary abjectives of this effort were to:.

Identify and characterize solar heat pump
compatible collectors.

Locate and describe existing analyses, models

and simulation programs for in-ground heat i
and moisture transfer as well as ground heave

and freezing.

Approach

A graduated search of the ground coupling litera-
ture was made to identify potential information
sources. First the division's rather extensive
file on ground coupling analyses and models was
searched to identify the data that was on hand.
This search also served to define and refine a
key word 1ist for use in the more formal compu-
terized literature search. It also served to
help define the information to be gathered and
to refine the abstracting and reporting formats
to be used. This was done by abstracting the
"literature selected from the division's files
and submitting the abstracts to BNL for review.
The experience gained during this exercise was -
used to define a set of selection criteria
designed to focus the survey on the specific
information desired by BNL.

The selection criteria included:
For experimental literature
. suitability for validation efforts
data taking time interval
duration of experiment
type of data taken
~ temperature profiles
< heat flux
moisture
climate region

_proceeded in a similar fashion.

- compatbility criteria.
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For analysis Titerature

. degree of experimental validation
model type
applicability to heat pump ground coupling
complexity of required inputs

For computer models

generic type of model

validation status

inputs

level of documentation

completeness and level of representation
for a given generic model type
availability

In all over 200 papers and reports were identified
and obtained for final selection evaluation. From

this initial set we selected 30 reports and 5 ’
computer programs for indepth assessment. The
results of which are currently being documented
in the final report for this project.

The heat pump compatible collector evaluation

The first effort
was to define. just what was meant by a heat pump
compatible collector by establishing a set of
These criteria as drawn
from a variety of studies of solar heat pump
systems are shown below:

Collector Compatibility Criterja
collector slope < -8 watt/ cm?
incremental installed cost < $50/m?
“capable of collecting energy from ambient
air (desirable)

Existing compilations of manufacturer's liter-
ature such as the Solar Source Book as well as the
open literature (ads, brochures) were surveyed

to obtain literature on promising collectors.

This information was™ then used to determine the
performance cost characteristics for the various
collectors. This information has been summarized
for presentation in the final project report.

Results and Conclusions

Ground Coupling

Adequate models and analyses exist for indepth
analyses of ground coupling devices. They are
difficult to use and require expensive

computer facilities. The simpler models are
too simple and still hard to use. Ground heave
and freezing have been analyzed and studied
extensively but design analyses and models
haven't been developed for use by design
professionals. '

Heat Pump Compatible Collectors

Few if any truly compatible collectors are

on the market. Several innovative collector
designs are close to being marketed that are
expressly aimed at the solar heat pump market.



CONTRACT INFORMATION
START DATE 6/16/80 END DATE__6/15/81 CONTRACTVALUE ___ $27.,433
MILESTONES
Item: ‘ ’ ~ Due date:
1. Pproject Status Reports ’ -~ 7/80, 8/80, 9/80, 10/80, 11/80, 12/80, 1/81,
) . ) - 2/81, 3/81, 4/81, 5/81, 6/81- ° :
2. Task 1 Report 3/81
3. Final Report . 6/81
4. -
. 5.

4-20



Heat Pump Demonstration Analysis

Alternate Energy Systems Division, Science Applications, Inc.

J. Alcone, L. Walker

Prime EG-77-C-01-4042

Abstract

The use of a heat pump in conjunction with solar
energy collection and storage subsystems appears
to offer unique advantages in SHAC system perfor-
mance. Past system studies and some implementa-
tions of this concept have not consistently
verified the expected advantages. The primary
weakness of many of the prior efforts is that they
failed to recognize the unique characteristics of
solar heat pump systems. In some cases the
efforts followed conventional solar design prac-
tices and attempted to either "add-on" a currently
available conventional heat pump (or some linear
extrapolation of conventional heat pump perfor-
mance characteristics) or to extrapolate the
results of a conventional SHAC system study (or
design) to a heat pump configuration. In other
cases inappropriate initial assumptions led to
biased or inconsistent results. In many of the
designs and studies, design considerations

arising from the dynamic behavior of the system
were ignored. A heat pump introduces significant-
ly different operational characteristics into a
SHAC system and the analysis must include these
effects. Since many prior studies did not consi-
der the heat pump dynamics as a part of the total
system, their conclusions and results have been
rather confusing and often contradictory.

The effort reported on here serves to clarify and
resolve the conclusions of selected prior studies.
The validity of past analyses was assessed by
carefully studying the effects of the individual
study assumptions on the reported results and
conclusions. Comparisons were also made in a
careful, consistent manner to results that have
been observed in the field.

Objective

The primary objective of this effort was to
clarify and resolve the conclusions of selected
systems studies through comparison with opera-
tional data from appropriate experimental/demon-
stration sites.

A further objective was to identify and evaluate
those system components and/or configurations
that warrant further analysis and testing in
order to develop recommendations regarding
programmatic needs in the solar heat pump area.

- Concept/Methodology

The evaluation of the study results was accom-
plished by carefully studying the effects of the
assumptions and design decisions made in the
"lected studies on the conclusions reached in
ose studies. These conclusions were then com-
pared to results observed in the field in a con-
sistent and methodical manner.
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The goal of identifying components or configura-
tions warranting further analysis and testing

was achieved throughout the project on a cumula-
tive basis. The results of this effort are based
on discussions with site personnel, system relia-
bility analyses, experience gained and observa-
tions made in developing system models and exer-
cising simulation$ 'of the various”selected con-
figurations.

The methodology used to accomplish the study
objectives was to divide the project into several
subtasks which addressed specific elements of the
overall scope of effort. These subtasks are
described below.

Selection Criteria

Selection criteria were carefully defined to
allow only appropriate Solar Heat Pump (SHP)
configurations and useful sites to be included
in this study in order to allow a consistent,
legitimate comparison of operational SHP's and
analytical models.

Selection of Operating Systems

Six operating systems which met the selection
criteria mentioned above were chosen for this
effort. In addition to meeting the selection
criteria these systems were chosen as being
representative of the generic configurations
used in the systems studies in order to

allow consistent comparisons.

Performance Measures

In order for this study to provide valid
results and recommendations, performance
measures were developed to eliminate conclu-
sions based on a single viewpoint. These
measures were chosen to allow consistent com-
parison both among the solar heat pump config=
urations defined in the Selection Criteria
Subtask and between those configuration and
other alternative energy systems. The per--
formance measures were developed to reflect
economics, energy usage, and societal impact.

Selection and Evaluation of Systems Studies and
Selected Qperation Systems

These two subtasks were performed concurrently
since the objectives and analysis methods were
similar. Four major systems studies selected
by SERI for use in this effort were obtained
and abstracted. Documentation and performance
data for selected operating systems was already
in hand in most cases. The approach to this
evaluation was to establish certain major
assumptions which served as a basis for examin-
ing agreements or discrepancies between the
sites and the studies. TRNSYS models of the
different generic configurations were developed



based on several of the actual operating systems.

These models were exercised extensively to
investigate the effects of the identified
assumptions on system performance.

Summary of Project Conclusions and Recommendations

Systems Studies Analysis Conclusions

The major conclusions resulting from the detailed
analysis of the major assumptions in the systems
studies and design decisions in the operational
sites are presented below.

Valid comparisons between different generic
solar heat pump configurations can be made in
systems studies only when the heat pump charac-
teristics are appropriate for each configura-
tion. Some study results are based on the same
heat pump characteristics for all generic con-
figurations. This yields unrealistic results
since for proper operation thgaheat pump
characteristics should not be 1dentical for all
the configurations.

Heat pump sizing is an important assumption
which affects conclusions in the systems
studies. In some cases studies used conven-
tional sizing methods for the parallel config-
urations. This assumption causes the heat
pump to be undersized in a solar assist config-
uration resulting in use of auxiliary energy
below the balance point for the heat pump.

The parallel configuration calls for heat pump
operation well below the design point for
current generation heat pumps. Heat pumps
optimized to a lower balance point for this
configuration would probably show increased
system performance.

Series configured systems were oversized in two
of the studies. This oversizing results in an
increased system cost and therefore affects

the results of these studies.

The assumption of "current generation" recipro-
cating compressor heat pumps for use in solar
configurations has an important effect on
results of any simulations of solar heat pumps.
This is especially true for series systems
which operate at higher source temperatures

and over wider ranges of source temperatures.
Operational performance from at least one site
corroborates this effect.

One study used an "improved" heat pump

(60-80% of an ideal vapor cycle) and found that
increased series system performances were
possible with this heat pump. The conclusion
was that series systems are penalized using
current generation heat pumps which cannot acco-
modate the increased mass flows due to higher
source temperatures in the series configuration.
This conclusion was corroborated by results of
experiements performed on the University of
Tennessee liquid series system.

Control strategies such as that used in one of
the studies appear to peralize series systems.
This_strategy 1imits solar collection above
33.9°C apparently to correct for the use of
better than needed collectors and current gener-
ation reciprocating heat pump characteristics.

Collector and storage sizing assumptions also
have important effects on study results, parti-
cularly in series systems. Storage and collec-
tors must be sized to eliminate heat pump
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starvation in the series configuration. Con-
trary to conclusions stated in the studies,
improved series system performance is possible
with improvement in heat pump COP if collectors
and storage are resized to accomodate the
improved heat pump.

Collector characteristics play an important
(though generally not addressed) role in system
performance as simulated in the various studies.
Collector characteristics need to be "tailored"
to the particular generic application before
realistic comparisons can be attempted. Series
configured systems have potential for lower
cost collectors due to lower required storage
temperatures. Unfortunately, none of the
studies addressed this point adequately.

The fraction of total load met by non-purchased
energy is very sensitive to changes in the load/
collector area ratio at all values of storage
size/collector area.

TRNSYS simulations of the University of Tennes-
see liquid series system using an "improved"
heat pump (60% of Carnot) indicate the possibil-
ity of an optimum storage size/collector area
for a given load/collector area ratio in the
range of .15-2m%/m? for a water based series
system.

A small effect on system performance is indi-
cated from domestic hot water (DHW) draw on
storage. For a series configuration this may
slightly increase the possibility of heat pump
starvation. For the parallel configuration
reduced storage temperatures increase the poss-
ibility of solar not being able to meet the
load. Studies have not adequately addressed
this effect particularly when a heat pump
desuperheater is used to produce the DHW.

Systems Studies Recommendations

Any future studies of solar heat pump systems
should be based on careful design of an optimum
system including component characteristics
other than site, for each generic type.

A more complete investigation of the design

space relating storage size/collector area

ratio to load/collector area ratio is recommended
for both series and parallel systems. This
investigation should use generically optimized
components as well as heat pumps which are
optimized for the different configurations.

Care should be taken to include a broader range
of component characteristics. The range should
include variations in basic operating principles
as demonstrated by the use of reciprocating and
rotary compressors.

A similar recommendation holds for the collector
characteristics, i.e., unglazed collectors while
touted for series systems have actually received
little attention; freon expansion collectors
capable of subambient operation were not consi-
dered in the studies while industry is actively
pursuing designs based on them.

Thermal storage has also been unnecessarily
restricted in the prior studies with no attempt
to identify (except in one case) and character-
ize desirable thermal storage attributes.



Operating System Recommendations

As a result of the detailed review of the selected

operating systems, the site visits, and discussions
with site personnel, the following recommendations

are made.

In regard to experiments/demonstrations in general
there exists a need for:

standardized descriptions of the physical system

more consistent reliability data acquisition
and documentation

documentation of design, construction and
operating experiences as well as any modifica-
tions

standardized cost reporting (capital and 0&M)

consistent data reporting of the kind that can
be used to verify design assumptions and vali-
date design or analysis codes

In specific regard to solar heat pump systems:

Many of the systems are using modified heat
pumps operating in off-design circumstances yet
few have directly measured the performance of
these heat pumps as they are being operated.

Some systems use site-built collectors whose
performance characteristics are not specifically
known. The effects of collector characteristics
have been shown to be important and therefore
should be known.

Performance/Cost Limitations for Solar Assisted
Heat Pumps

Conclusions which resulted from the analyses of the
systems studies and operational systems addressed
in this effort were presented. Limitations based
on performance and/or cost which were discovered

during this analysis and recommendations for over-
coming them are presented below.

A major limiting factor for series solar heat
pump systems and any analyses of them appears

to be the use of current generation reciproca-
ting compressor heat pumps. Performance analy-
ses of these systems (both in this effort and at
least one of the systems studies) using "next
generation" heat pumps has shown greatly improved
system performance. There are heat pumps cur-
rently on the market (for example, the Fedders
rotary compressor machine) which should be
investigated for solar applications.

For parallel solar heat pump systems the heat
pump is usually constrained to operate under
"worst" case conditions due to current generation
heat pumps being optimized in a way that causes
heat pump undersizing in many cases. Heat pump
operation in the parallel configuration is
usually well below the design operating point

for current generation heat pumps. Next genera-
tion heat pumps would also help to alleviate this
problem.

. Collector costs are a major portion of total
system cost in solar heat pump systems. For the
parallel system these costs are probably going
to be invariant in the future. However, for the
series system this factor is not so lTimiting.
The performance of the series concept actually
degrades relative to that for a parallel system
as collector performance (and hence cost)
increases. Fortunately, the reverse is also
true.

Complexity and number of components appears to
1imit marketability of solar heat pumps.
Simplifications of these systems is possible
using current technology. A simplified air
series system which uses low-cost collectors and
a unique ground-coupled storage system has a
life-cycle present value cost competitive with
the conventionally based systems addressed in
the systems studies.

CONTRACT INFORMATION

STARTDATE__April 7, 1980 gnppATE_Feb. 28, 1981CONTRACT VALUE

$65,994

MILESTONES

Item:

1. Subtask Reports

2. Final Report

Due date:

6/9/80, 12/1/80,12/15/80,1/12/81,1/26/81

2/16/81
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LOW-COST HEATING AND COOLING USING A DIRECT-EXPANSION SOLAR COLLECTOR AND HEAT PUMP

Sigma Research, Inc.

Victor I. Neeley

DE-AC03-79SF10542

OBJECTIVES

The two primary goals of this project are: to
develop a low-cos. lightweight, thermally effi-
cient direct-expansion solar collector with a
microprocessor-controlled heat pump; and to estab-
lish and verify system responses to nonsolar energy
sources (convection and condensation). Successful
completion should extend the use of solar energy sys-
tems to a larger segment of the population by de-
creasing purchase and installation costs and in-
creasing operating efficiency in locations where
this energy source has, heretofore, been considered
inappropriate or of marginal usefulness.

DESCRIPTION OF WORK

The work being performed under this contract is
based in part on prior efforts in the area of solar
collectors, heat pumps, and heat and mass transfer.
For example, a working model is in place in Seattle,
Washington (see Figure 1), and an existing 80-ft?
solar panel has been modified for tests scheduled in
this project. Current efforts are extensions and
refinements of a continuing program in this field.

Figure 1.
sponsored by Seattle City Light.)
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Seattle, Washington, Fire Station No. 13 with collector system installed.

In the solar collector/heat pump design under
investigation, solar energy is absorbed by exposed
panels and directly vaporizes a refrigerant fluid,
which is pumped to a high temperature and pressure.
Then, it is condensed to release the heat that was
absorbed in the vaporization process. The solar
panels operate at or below ambient temperature,
which significantly reduces heat loss to the envi-
ronment and eliminates the need. for glass covers
and expensive insulation around the collectors.

This system was specifically designed for geo-
graphical areas where adverse meteorological condi-
tions such as frequent heavy cloud cover or abundant
rainfall T1imit the effectiveness of standard flat
plate solar collectors and restrict the attainment
of maximum benefits. The improved performance (see
Figure 2) is due to the fact that the panels contin-
ue to absorb energy by convection, radiation, and
condensation and provide significant thermal input
even during periods when insolation is impossible.
Therefore, this design will be suitable for use 1in
regions not normally considered appropriate for
solar energy collection.

s

(Pilot project



34 [ SOLAR INSOLATION
17 N AL, A /(X100 BTU/ft 2-day)
N M'A RWIR
RECORDER RECORDER
= 33000 MALFUNCTION MALFUNCTION
o o7 SIGMA (o)
5 30000 T COLLECTOR
Eti ' 8 H
S 250004 {fa o A
1 1.8
= ﬂi TN
= 200003 AR WYIR ¥ :CONTVETI'TOEN?L]
> ' : Hh T FLA 0
l 0 ] # RN ]
5 % bl "\ : Aol [~+H—F1 neT ENERGY
= 10000 141! 1N ESE i1 DIFFERENCE
A ENRREE LRTE L [ARAREL W
HIY : T 1] s
5000 418 IR TIT A CONVENTIONAL
&g 5Ty » s COLLECTOR .
5 10 15 20 25 30 5 10 15 20 25 30
NOV 1979 DEC 1978
Figure 2. Performance comparison between Sigma Multi-Therm Solar Panel and conventional flat plate collec-

TECHNICAL ACCOMPLISHMENTS
) Commercially available or Sigma-owned
components were used to modify the
solar panel. These items will allow
microprocessor control of system.

The data acquisition and control sys-
tem was designed for use during veri-
fication and optimization of thermal
models and laboratory tests.

Thermal hydraulic design modifications
- were performed on an existing solar-
assisted heat pump.

The isolated signal interface was de-
signed and constructed in-house, and
the existing solar panel and heat
pump were reconditioned before instal-
lation of the modification components.

After the unit assembly was completed,
the system was pumped down and charged
with refrigerant. Preliminary tests
were performed under manual and com-
puter control. The system appeared to
operate satisfactorily.

During the spring and summer of 1980, unavoid-
able circumstances led to a request for an exten-
sion of the contract expiration date, which 1s now
June 30, 1981.

FURTHER ACTIVITIES

Fully computerized system operation will be
tested during the spring of 1981. The major area
to be investigated is the effectiveness of the
microprocessor controls for the heat pump.

tor installations in Seattle, Washington.

(p
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rogram sponsored by City of Seattle.)

Using a microprocessor to control the heat pump
should improve the average coefficient of perform-
ance and extend the 1ife of the compressor. The
microprocessor collects temperature data throughout
the system and controls the compressor speed to ob-
tain optimum performance. It also controls system
start-up and reduces the potential for compressor
damage that might be caused by entrained liquid.

Despite the fact that these activities have
been deferred and test results are incomplete,
plans are being made for post-contract marketing
and commercialization of the Multi-Therm Solar
Panel. Demonstrations to date have proved that the
concept is sound and the system design is efficient.

Figure 3 is a schematic of a typical installa-
tion. Although the prototype is a viable product
itself, its commercial appeal would he increased
greatly if the solar panels can be redesigned so
that they become an integral part of the structure
(i.e., as roofing material); if installation and
connection procedures are refined to gain the ut-
most ease and simplicity; and if a thermal storage
module is included as part of the system.

World events and the public's steadily growing
interest in alternate energy sources--plus the ex-
istence of regions where available solar collector
systems are not feasible or can offer only minimal
efficiency--make further development and manufac-
tug$ economically attractive and commercially fea-
sible.
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Figure 3. Schematic of the major components of an. installed solar panel/heat pump system.
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- INSTRUMENTATION AND MONITORING OF THE TWIN CROMN REALTY BUILDINGS IN DENVER, COLORADO

SOLAR ENVIRONMENTAL ENGINEERING COMPANY, INC.

DAVID K. HAYS

DE-AC03-79CS-30115

OBJECTIVE

The Crown Monitoring project has two distinct
tasks which are of importance to the solar commu-
nity. The first is a performance comparison of the
two solar augmented heat pump systems; one of which
is an air collection system with the other being a
1iquid collection system. The second task is to
simulate real-time data filtering, reduction and
analysis on the data gathered from the two systems.

PROJECT BACKGROUND

Solar augmented heat pumps have been the sub-
ject of considerable discussion where the economic
viability and energy effectiveness is concerned.

In an effort to provide some answers to the many

questions, Solar Environmental Engineering Company
(SEEC) has been contracted to monitor and evaluate
the performance of the twin Crown Realty buildings.

The standard manner in which data is reduced
and analyzed is time consuming, requires the trans-
fer of the data on a storage device from the acqui-
sition system to a mainframe computer and consider-
able computational expense. It is possible to
reduce time and expense by processing the data
onsite in real-time by an acquisition system which
has processing and computational capability.

Real-time processing necessitates the use of
sophisticated algorithms which can be used to
filter and process the acquired data. These algo-
rithms are developed with Luenberger observer and
Kalman filtering techniques. These techniques have
been employed by the Principal Investigator to
predict future ambient temperatures, filter data
and observe heat loss coetti¢ients and heat capa-
citances of building models (Refs. 1 and 2).

SUMMARY

Two 3500 square foot commercial office build-
ings are environmentally conditioned by a system
of seven solar augmented heat pumps and are iden-
tical in mechanical design with the exception of
the solar collection Toop. In one of the build-
ings, the collection loop is an air system while
the other collection loop is a hydronic system.
Thus, a direct comparison of an air and a hydronic
collection system can be made. .

By applying Luenberger observer theory tech-
niques to the data, sensor noise can be filtered
and actual key parameters may be identified. Some
examples of these parameters are the building heat
loss coefficiént, heat exchanger effectiveness,

" heat pump coefficient of performance and the solar
- heating fraction. In the present application,
real data will be filtered and observed on a
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mainframe computer in order to demonstrate the
worthiness of these techniques.

TECHNICAL ACCOMPLISHMENTS

« The two systems have been instrumented so as
to provide all necessary data for complete system
and subsystem performance analyses. The performance
of the two systems will be determined by performing
standard energy balances on the gathered data.
Comparisons of the two systems will be made on the
basis of collector efficiency, energy stored,
energy utilized and other performance factors
associated with the two systems.

+ First and second order approximations to
the dynamic systems have been assembled. These
differential equations are used in the formulation
of the observers which identify the parameters in
question. An example of one such differential
equation is

d T q.
= _in _ UA
=T, cC, Te - T)

By monitoring the enclosure temperature (T )
and the difference of the enclosure and ambient
(Ta) temperature, it is possible to converge on
approximate values of the heat loss coefficient
(UA), the heat capacitance of the enclosure (C )

and energy input rates to the system (q1n)

It is also possible to establish values for
heat loss coefficients and energy balances on
thermal storage tanks. A1l of the appropriate
equations and necessary software has been assembled
for conducting this analysis.

FUTURE ACTIVITIES

Contract Activities. It is expected that the

' parameters of interest will be determined by the

use of observer techhiques and that these results
will compare favorable with the performance results
obtained in the conventional manner.

Post Contract Activities. The results of
this effort can be realized and utilized by all
sectors of the analysis field. Future efforts
will apply these methods on a real-time basis
with a dedicated microprocessor based computer.
The advantages of.applying these techniques on a
real-time basis are as follows:

« Reduction of turnaround time of results from
months to minutes



« Major reduction of mass storage requirements,

« Immediate access to the quantities of inter-
est rather than raw data.

» Reduction of the cost of data analysis.

CONTRACT INFORMATION

. Start Date - June 11, 1979

« End Daté - August 31, 1981, Extended from
December 11, 1980 . .

+ Face Value - $78,964
+ Major Milestones

. Specify and order instrumentation - July,
1979 (M)

. Instrumentation Installation - January,
1980 (M)

«-System parameter identification - July,
1981 (Pg

+ System performance identification - July,
1981 (P)

« Final Report - August 31, 1981 (P)
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SOLAR HOT WATER TEST PROGRAM

NATIONAL BUREAU OF ‘STANDARDS

A. H. FANNEY

DE/AI01-76PRO6010

OBJECTIVES

To assist the American Society of Heating,
Refrigeration and Air-Conditioning Engineers
(ASHRAE) in the development and validation of a
standard test procedure for solar domestic hot
water systems; and to conduct controlled experi-
ments on typical solar domestic hot water (SDHW)
heaters to determine the extent to which TRNSYS,
F-Chart, and Solcost can accurately predict their
performance.

DESCRIPTION OF WORK

The Steering Committee of the American National
Standards Institute on Solar Energy Standards
designated ASHRAE to develop a standard test method
for SDHW systems. NBS staff members have partic-
ipated in the development of this standard test
method, ASHRAE Standard 95, for the testing and
rating of residential SDHW systems.

Test equipment has been designed and fabri-
cated at NBS in accordance with the standard.
Three methods were investigated which allowed the
net thermal output of an irradiated array to be
duplicated under nonirradiated conditions. The
first method used an electric heat source only.
The second method uses a nonirradiated array in
series with an electric heat source. Electric
strip heaters attached to the back of nonirradi-
ated absorber plates are employed in the third
method. Al1 system components are located indoors,
in a controlled environment, allowing comparisons
of system performance independent of outdoor meteo-
rological conditions and geographical location of
the laboratory. Tests have been conducted to
determine if the control functions of a system
tested according to ASHRAE Standard 95 are similar
to those of a system tested under irradiated con-
ditions.

In addition to assisting ASHRAE, NBS has col-
lected experimental data for a second 12-month
period tn determine the performance of six SDHW
systems and one conventional hot water system. The
systems tested during the second twelve months are:

s Direct, Single-Tank Drain Down System

e Direct, Double-Tank Drain Down System

e Indirect, Single-Tank System Using Ethylene
Glycol With a Wrap Around Heat Exchanger

¢ Indirect, Double-Tank System Using Ethylene
Glycol With a Coil-In-Tank Heat Exchanger

¢ Indirect, Double-Tank System Using Evacuated
Tube Air Callectors and an Air to Water Heat
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Exchanger
¢ Single Tank Direct Thermosyphon System
e Conventional Electric Hot Water System
The experimental results will be compared to the
predictions of computer programs used to predict
the thermal performance of SDHW systems.

TECHNICAL ACCOMPLISHMENTS

" e Governing equations required to determine the

input power supplied to the electric heat source
and electric strip heaters have been developed.

" The analysis includes collectors connéected in -
series and paratlel.

* Two identical SDHW systems have been fabricated
which allow the performance of a SDHW system
using outdoor irradiated collectors to be com-
pared to the performance of a SDHW system in
which the irradiated array has been replaced with
an electric heat source, an electric heat source
downstream of a nonirradiated array, or a non-
irradiated array with electric strip heaters
attached to the back of the absorber plates.

¢ The SDHW system using irradiated collectors
operated for four selected days. Using the re-
corded meteorological data for each test day as
input data, the SDHW system using an electric
heat source duplicated the thermal output of the
irradiated array within four percent even on an
intermittently cloudy day, Fig. 1.

» SDHW system using irradiated collectors was al-
lTowed to operate for two selected days. An elec-
tric heat source downstream of a nonirradiated
array was used to duplicate the thermal output
of the irradiated array.” Excellent agreement
between the thermal output of irradiated array
and the nonirradiated array with downstream heat
source, Fig. 2. Control functions indoors almost
identical to those observed during operation of
the irradiated system.

®* Electric strip heaters attached to the back of
nonirradiated absorber plates used to duplicate
the thermal output of irradiated collectors.
Excellent agreement achieved, Fig. 3.

* Twelve months of experimental data collected for
six SDHW systems and one conventional hot water
system.

FUTURE ACTIVITIES

Future work will include expansion of the scope of
ASHRAE Standard 95, investigation of a standard
rating day criteria, and experimental investigation
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HVAC MARKET DATA ANALYSIS

PLANCO, INC.

C. ROBERT QOATES

QONTRACT NO. DE-AC03-80CS30208

OBJECTIVE

The specific objectives of this project were
to design and build a camputerized data base fram
previously ocollected HVAC market data; to develop
camputer programs for producing strategic reports
fran the data base; amd to assess the market po-
tential for solar HVAC products.

DESCRIPTION OF WORK
Backg_:_:g’mﬂ

HVAC market data for 1970 through 1979 were
collected and analyzed during an earlier contract
penog That work resulted in a market survey re-
port,” and a large volure of data giving annual
shipments and, in many cases, shipment values as a
function of equipment capacity for virtually all
statistically significant types of HVAC products.
Shipments of many HVAC products according to geo-
graphic distribution and end use are included in
the collected data. The data are in the form of
individual annual files fram a number of different
sources, and are in a wide variety of formats.

HVAC Data Base

One part of this project was to computerize
the above HVAC data files and generate a campre-
hensive data base that can be readily updated. The
data base is to be used in further analysis of the
HVAC market and in assessing the market potential
of solar HVAC products.

Because of the large amount of data and the
nature of the differences, editing to make the
source files uniform in content and format was not
feasible. Therefore, the first step was to design
a flexible data encoding system capable of accammo-
dating all of the variations. The encoding system
was applied to each file; key files were entered on
canputer media; and the data base was assembled and
validated.

1

Canputer Programs

Camputer programs were developed for rear-
ranging, aggregating, and analyzing selected files
in the data base to produce several fundamental
types of reports. One of the principal reports
gives the breakdown of the annual shipments, ca-
pacity shipped, and shipment value for a specified
HVAC product (or cambination of products) ac-
cording to capacity. A related report gives
a historical analysis in which total shipments,
total capacity shipped, and total shipment value
by year are assembled and listed for specified
products.
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Other fundamental reports include market
growth trends (average annual campounded growth
rates between selected years); product cost analy-
sis (equipment cost per unit capacity); and in-
stalled stock inventory (cumulative units shipped
less attrition); all by individual product or cam-
binations of products.

The development of computer programs for gen-
erating these reports involved the design of cam
mon rottines for searching the data base for
arbitrarily selected product types, time periods,
etc. Individualized routines were required for
data interpolation, regrouping, aggregation, con-
version, analysis and printing.

The HVAC data base and the camputer programs
are describedzin the final report for this con-
tract period.

Solar Air Conditioning Market Assessment

The assessment of the market potential for
solar HVAC products focused on delineation of the
conditions under which solar air conditioning
{both residential and comercial) eould beocun a
viable campetitor in the HVAC marketplace. An
econamic model for calculating return on investment
(ROI) for the additional initial cost of solar
systems campared to conventional systems was de-
veloped for this purpose.

All significant factors contributing to
initial costs and operating costs were identified
and assessed in determining the ROI for solar
relative to conventional HVAC systems. This in-
volved defining and analyzing numerous scenarios
including various cambinations of capital costs,
fuel cost escalation rates, inflation rates, pur-
chase dates, government econamic incentives, etc.
The sensitivity of ROL to each parameter was first
investigated, and plausible cambinations which

- showed potential for yielding a favorable ROI

(assumed to be 20%) were then analyzed in more
detail.

The results were expressed in terms of design-
to-cost goals vhich, if met during the 1985-1990
time-frame, should lead to significant levels of
market penetration (as many as 500,000 systems
per year) by solar air conditioning by the end of
this century. The market history of the heat pump
was analyzed and used as a precedent for fore-
casting solar air conditioning market penetration.

The solar air conditioning market assegsment
is described in detail in a topical report.



TECHNICAL ACCOMPLISHMENTS

e A flexible data encoding system capable of
accamodating a wide variety of HVAC market
data files was developed and applied to
construct a camputerized data base. The
data base contains over 350 individual files
(i.e., shipment data on one product for one
year) covering the period 1970-1979. These
files give the annual shipments of 37 kinds
of HVAC products such as boilers, furnaces,
heat pumps and different types of air con-
ditiocners, all as a function of capacity.

e Camputer programs were developed for pre-

©  paring selected fundamental reports from
the data base. Key reports include ship-
ments of individual or cambined products
as a function of capacity and as a function
of time; market growth rates, product cost
analysis; and installed stock inventory.

® An eoconamic model was developed for para-
metric analysis of return on investment
(ROI) for solar air oconditioning and heat-
“ing. The model was used to calculate ROI
for both residential and commercial solar
systems for a wide variety of scenarios
involving initial cost, fuel cost escala-
tion, inflation, purchase date, goverrmment
eoconamic incentives, etc. It was found that
ROI is quite sensitive to most of these
factors; that current solar HVAC system
prices are too high to make their purchase
econamically attractive; and that the expi-
ration of federal energy tax credits may
negate any cost improvements made by the
end of 1985. Fig. 1 shows the sensitivity
of ROI to fuel cost escalation and inflation
rates for 1985 purchase of a hypothetical
3-ton residential system costing $10,100.

® Solar air oonditioning design-to-cost goals’
were established based on the assumption
that a 20-percent ROI on the additional
initial cost relative to conventional HVAC
systems would be economically attractive.
Fig. 2 shows the allowable incremental cost
for a naminal 3-ton residential system as a

, function of purchase date and reference )
conventional system. Fig. 3 shows corres- -
pending information for a nominal 25-ton
cammercial system. Incremental cost based
upon current actual costs are generally
a factor of three higher than the goals
shown in Figs. 2 and 3. It is noted that
the effect of the federal energy tax credit
{(not included in Fig. 2) is to increase
the allowable incremental investment.for
residential solar systems by as much as
$4,000 through the end of 1985,

FUTURE ACTIVITIES

Plan\co, Inc. recamends that future activities
stemming fram this project include updating the
data base with 1980 HVAC shipment data now avail-
able. The updated data should be analyzed to
identify the impact of energy conservation and re-
duced housing construction on the current makeup
and trends of the HVAC market, and on the future
market for solar air conditioning.
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It is further recamended that the ROI model

be updated to account for the impact of improved
conventional HVAC equipment efficiency and re-
duced building loads on the econamics of solar
air conditioning. Updated design-to-cost goals
for solar HVAC should be developed for a wider
range of energy price escalation scenarios in-
cluding precipitous price increases.

REFERENCES

1. "Survey of the HVAC Market," Planco, Inc.,
August 1980. : : )

2. "Data Base and Software for HVAC Market
Analysis," Planco, Inc., March 198l.
(preliminary draft)

3. "Assessment of Active Solar Air Conditioning;

NOMINAL RETURN QN INVESDMENT (%)

1980-2000," Planco, Inc., January 1981,
(preliminary draft)
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ASSESSMENT OF SOLAR WATER HEATING INDUSTRY

SCIENCE APPLICATIONS,

INCORPORATED

ROBERT LECHEVALIER

DE-AC03-80CS30217

OBJECTIVE

To determine the technical feasibility and com-
mercial potential of solar water heating products
being supplied- to the marketplace.

DESCRIPTION OF WORK

Data were compiled and used to establish the
technology readiness and the industry's capabilities
to implement the solar water heating technology
into the anticipated market place.

The performance, reliability and economics
were determined for all identified commercially
available solar watér heaters. A comparative
analysis with conventional water heaters was made
to assess the economic competitiveness of solar
water heating.

TECHNICAL ACCOMPLISHMENTS

o An adequate supply of packaged solar hot water
systems are currently available. These systems
look and act like the conventional competition.
The best products are available in most metro-
politan areas. The product suppliers recognize
the importance of matching the design to the
marketplace and therefore are currently sup-
plying six different generic configurations.

e Solar hot water systems are maturing very rap1d1y,
and are performing well, with remarkably few
problems. The leading prob]ems that do exist
are related to installation, improper materials
selection, and design inadequacies. The products
are protected with adequate warranties.

o Most of the designs should perform quite ade-
quately when matched to the climatic environment.
The home-owner can expect solar energy to pro-
vide 60 to 80% of the hot water with these
systems. Some of the systems being sold
will not perform to the levels claimed as
they have been erroneously represented,
usually due to an over-optimistic collector
performance prediction.

¢ Solar hot water economics have improved sub-
stantially as the utility costs have continued
to escalate and federal and state governments
have introduced incentive programs. Solar hot
water systems compete very favorably against
most electric utility rates and are now
beginning to compete with gas water heaters.

e The solar hot water industry contains a suf-
ficient number of large and small business -
enterprises, producing well designed and

documented products. Five of the top twelve
manufacturers were previously involved in the
water and HVAC industries and had the necessary
distribution outlets for a successful commercial
venture.

Solar hot water systems are well matched to

the best market environments. They compete most
favorably as a replacement for the electrical
water heater in single-family residences in the
high radiation environments of the southern

and western states.

FUTURE ACTIVITIES

Actions which the government could support to

accelerate the commercialization of this hot water
technology and provide a better product to the
consumer are as follows:

Create a materials information center which could
be made available to manufacturers. The informa-
tion center could also conduct special tests for

the smaller manufacturers.

Promote quality systems through government spon-
sored systems test programs, such as RCS,
Federal Buildings Program, Military Purchases
Programs, and other federal purchases.

Support improved and simplified data collection
on installed systems to identify systems' perfor-
mance and reliability. This information could

be useful in rating systems.

Provide industry with support for installer
training programs to be operated and taught by
manufacturers.

Continue existing tax credit programs at thelir
current levels to insure the rapid introduction
of solar water heating into-the residential
sector.

PUBLICATIONS/REPORTS/REFERENCES

Comparison of Conventional and Solar Water

Heating Products and Industries SAI Report, July

11, 1980.

Assessment of Commercial Readiness of Solar

Water Heating, paper presented at ASME SSEA
meeting, Reno, Nevada, May 1, 1981.
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EXPERIMENTAL AND ANALYTICAL SYSTEM STUDIES OF A 'COMBINED PV/T RESIDENTIAL SOLAR SYSTEM

Arizona State University.

Byard D. Wood

' . DE-AC-03-79CS-30203

OBJECTIVE

" The goal of this research is to help evaluate
the commerclal vlabillty of combined photovoltalc/
thermal (PV/T) 'solar systems using concentrator
col lectors, Speciflc goals are: to define - and
categorize potential PV/T concentrator collector
systems, to do computer simulation analyses of PV/T
systems for [Industrial process heat, absorption
space cooling, space heating and domestic hot water
applications, to compare PV/T concentrator systems

with side-by-side solar thermal (only) and PV (only) "

systems, to measure .both the electrical and thermal
performance of PV/T prototype concentrator
collectors, and to evaluate approprlate mefhods of
testing PV/T concentrator collectors. -

DESCRIPTION OF WORK

This project combines both analytical and
exper Imental studles aimed at assessing the role of
concentrating PV/T collectors. The broad and fund-
amental nature of the work is a result of a major
rescoping In mind=-1980 of the original contract
consumated In mid 1979, Prior to that time, the
project concerned only an assessment of PV/T for use
In residential absorption systems. The publication
Iist below Includes references to documents
completed under the original scope of work; only
work under the new scope of work will be discussed
here.

Under the new scope of work, this project will
attempt to determine when PV/T collectors have an
advantage over slde-by-side PV arrays and thermal
collectors.
TRNSYS compatibie PV/I compuleir codes developed at
Arlzona State University. The collector being used
as a baseline In the modeling Is the E-System's
prototype PV/T concentrator developed for the
Dallas-Fort Worth (DFW) Airport PRDA program.

In -comparing combined versus slde-by-side
col lectors, costs and energy production must be
.considered. A relatively simple but useful concept
for combining costs and energy producttun s through
the levelized cost methodology. Figure 1 shows the
results for annual TRNSYS simulations using an inlet
temperature of 40 C. The solid !lnes are for
Phoenix, AZ, TMY data and the dashed curves are for
Madison, Wl, TMY data. Each lIne’ Is for a different
PV/T col lector capital cost.

To use this information consider the followling
axample for Phoenix. Suppose that a thermal (only)
:oilector produced 1900 kWhy of energy at an Inlet
temperature of 40 C and could be Installed at a cost
of $200/sq. m of aperture. This 1Is E-System's
estimate and wlll be referred to as a Basellne
Thermal cese (30.105/kWhy/ yr,
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Analytical work Is being done using the’

Suppose also that the PV/T collector could be
Installed for $300/sq. m (E-System's estimate).
Entering Fig. 1 on the vertical axls at $0.105/kWhy/
yr, proceeding horizontally until Intersecting the
$300 Combined Collector Cost <curve and then
proceeding downward, shows that when PV only array
costs are above $0.60/kWhg/yr, stand alone systems
are unattractive. That Is, It is more economical to
install the PV/T system rather than side~by-side
units under these conditions.

Figure 2 was constructed to relate costs for
thermal only collectors as a functlon of combined
(PV/T) collector costs for PV (only) array costs of
$0.70/W, and $2.70/Wp. Further simulations are
being conducted to look at the sensitivity of the
results to (a) the thermal conductance between the
cells and the coolant fluld. (b) the collector loss
coefflclent and mode of tracking, and (c) the energy
values.

A technique Is belng developed for collapsing
the data shown In Figure 1 for Phoenix and Madlson
onto a single family of curves valid for any city
location. This has been done for flat-plate thermal
collectors as shown In Figure 3 In which monthly
coilectlion efflclencies or  monthly -utilizabllitles
are correlated with collector Input variables that
are commonly used in thermal test procedures fi.e.,
collector Inlet temperature, mean monthly ambient
temperature, and the Llu and Jordan clearness
factor. Figure 3 provides an easily Interpreted and
quick to use performance map that covers a wlde
variety of operational conditions. This method, In
general, glves good results compared to long term
hourly simutation.

part of this work involves
prototype PV/T concentrating
collector to westablish a first hand working
knowledge of such collectors. This test program
will also confirm the analytical model ing discussed
previously. Participants In this phase of the
program are also working with national groups
establ Ishing standards for PV/T col lector testing.

The experimental
measurements on a

TECHNICAL ACCOMPL I SHMENTS

e Development of generallized cost comparlisons for
comparing PV/T to side-by-side solar converters.
This methodology Is demonstrated In the
Description of Work above. The methodology does
not rely on the often made assumption of "the
thermal output Is assumed to have a value /3
that of the electrical output.” :

e A new formulation of the utilizabliity concept
of Whilller, Llu and Jordan, and Kleln has been
developed. This new approach is useful In
predicting the monthly thermal galns of a



thermal (only) collector operating with a fixed
Inlet fluld temperature. This formulatlion
. relies on knowledge of only a very minimum of
site dependent data. The method is useful In
- the cost methodology mentlioned above when
comparing PV/T with side-by-side unlts.

Several potentlal uses of PY/T collectors are
belng studled 1In detail. These include
dewatering of crude oil, boiler feed water
heating, and hospital uses.

Team members are working on natlonal committees
formulating standards for testing PV/T
collectors. Responsibillties have ranged from
overall standards development, generally, to
development of methods of data presentations,
speciflcally. Figures 4 and 5 demonstrate the
methods of data presentation as they
currently envislioned.

FUTURE ACTIVITIES

Contract activity wlll end on or about July 31,
1981. A flinal report wlll be Issued shortly
thereafter, describing the detalls and findings
of the program under the expanded scope of work.

PUBL ICAT |ONS/REPORTS/ REFERENCES

"Experimental and Analytical System Studles of a

Combined Thermal-Photovoltalc Residentlal Solar
System" ASU Report ERC~R-80029 (Draft, 1980).
"Residential Solar Absorption Chilller Thermal

Dynamics" ASU Report ERC~R-81013 March 1981.

Simulator for
ASU  Report

"Design and Validation of a Thermal
Solar System Performance Testing"
ERC-R-80031, May 1981.

"A New Look at Long Term Co!lector Performance and
Uttlizability" ASU Report ERC-R-81015, April 1981,
PART ICIPANTS

D. L. Evans, U. Gurdal, K. Janzen, R. Lenhart, T. T.
Rule and B. D, Wood.

are

)

]
0% BTU/ye

(

THERMAL ARRAY COSTS

6-2

T T T T T
Te,in * 40°C

-~
L e
0.6
"ie \\ — —— MaDisON , Wi .
XE. 160 ————— PHOENIX , AZ.
g~

L)
A
8|8
58

. % g
i
£ §

BASELINE
THERMAL
\>
]
/ % AY_COST
T Yy T 2‘,°/w’ LECTRICAI. ENERGY PRODUCED
10 % 0% (._1_ )
_F_LAT ARRAV FLAT ARRAY KWhe /yr.
Figure 1. Cost comparison curves for E-Systems

prototypical concentrating PV/T collector
for an Inlet temperature of 40°C,
Baseline thermal collector Is E-Systems
concentrating thermal (only collector)
performance based on hourly simulations.

0.8
140 r

)

¥Whm 7T,

(

0.3
-1} o

1] N

40

THERMAL ENERGY PRODUCED

20

Figure 2.

T
PHOENIX , AZ.

/
)
yx
7 /:/,/
)
FLAT ARRAY COSTS \‘P @ / / /
4 0.70/Wp ot 0% EM, L/ o S s
> ©
C Ve ///1d° 1
S
Ve
7, T,
s _ 70/wp 3
AR
1 j L Z / 2 L 1
100 400 800 600 700
COMBINED COLLECTOR COSTS ( $/m?)
Cost comparison of thermal (only)
collectors as a function of E-Systems

concentrating PV/T collector at PV (only)
flat array costs of $0.70/W, and
$2.70/¥.



0.9
08 .
A'\.- 2g X
07 ) % g 3
06 : ¥ e
E A 2
u= 05 L T, 1
< : = .
? 04 2 ~._ - %A a 5 a
-3 s Fo et m +  as
03112 ¥ s &
HHEE Mg T2 e
. o P
02[ 513 | 88 ¥ > TS R
0.1 + :o 13;.: Ny ’.w ‘ X o -
g m.m*.c ?T»E ; R "-'“:.uﬂ-"'";:-.‘ 65003 *x ; 060 ¥
00 40 80 120 160 200 240 280
(T, -TW/KT (©)
Figure 3. Monthly efficiencles or monthly
utilizabilities for flat-plate thermal
collectors. Monthly values for 8 citlies
and 3 Inlet temperatures were calculated
using hourly computer simulation and
SOLMET weather data.
80
g "
ELECTRICAL 15—
5 60 EFFICIENCY - i
y Car > DIRECT
§ i 2 NORMAL
& ¢ %n— IRRAD1 ANCE
z A = i E; B (W/m?2)
S us - 600
g L My =G * G (Tay ~Taws) / Tow * C27mg *30 4 - ,ggg
; £S s
i) § : e B PTw BIoyt 3¢
i i J o g S -
L olos (Y R ollol L a0 = elo Kl>0 1 |2I’0
(TasToud) /T (cm¥w) 2 AVERAGE FLUID TEMPERATURE (°C)
av- lans oN m
Figure 4. Proposed correlation for reporting the Figure 5. Proposed correlation for reporting the

thermal efficlency data for a con- electrical  efficiency data for a
centrator PV/T col lector. concentrator PV/T col lector.
CONTRACT INFORMATION
STARTDATE__ July 1, 1980 pnppaTEAugust 15, 1981°ONTRACT VALUE__ $194,024
MILESTONES
Item: Due date:
9% Define and categorize PV/T concentrator August 1981
2. Modified TRNSYS systems simulations August 1981
3. Cost comparisons of PV/T col lectors August 1981
4. Modify ASU col lector test facllity to test PV/T cancentrator collectors August 1981
5. Determine appropriate test methods for PV/T concentrator collectors August 1981
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HYBRID SOLAR THERMAL PHOTOVOLTAIC SYSTEMS DEMONSTRATION

Division of Engineering, Brown University, Providence, Rhode Island 02912

Joseph J. Loferski

DE-AC03-79-CS30205

OBJECTIVE

The objective of the contract is to produce a
conceptual design of a combined photovoltaic/ther-
mal (PV/T) solar energy system utilizing a heat
pump for space conditioning intended for a single
family residence; to design, construct and test
PV/T panels for this application; to generate a
computer model to simulate the performance of the
system; to evaluate the economic potential of the
PV/T system;to design a building into which the PV/T
system will be incorporated; to construct the build-
ing and the PV/T system; to monitor its performance
and to compare the performance with predictions
based on a model of the system.

DESCRIPTION OF WORK

Analysis of solar energy conversion systems for
individual residential applications have shown that
in certain geographic areas like the Northeast and
Midwest, systems based on combined photovoltaic/
thermal (PV/T) collectors have an economic advant-
age over separate PV and separate thermal collectors,
First generation PV/T collectors were fabricated by
ARCO and Spectrolabs; their performance was evalua
Lted by the group at MIT--Lincoln Labs and the re-
sults reported by Hendrie. The resulting n vs.
AT characteristics indicated poor thermal perform-
ance, which makes those panels of questionable use-
fullness for use in PV/T systems. One of the goals
of the work reported here is to design, construct
and evaluate the performance of what we call second
generation air cooled collectors in which substantial
design changes have been incorporated with a view
toward improving their performance. To accomplish
this goal, the deficiencies of first generation
collcctors were identified. The design was modi-
fied to suppress or eliminate these deficiencies.
The n vs. AT characteristics of the ARCO and Spectro-
lab collectors have an intercept on the n vs. AT
axis which is in the 0.40" to 0.46 range whereas good
thermal-only collectors have intercepts in the 0.55
to 0.70 range(see Fig. 1).

We chose to focus our attention on collectors,
like the Spectrolab model, which use air as the heat
transfer fluid and in which the light receiving
surface of the cells is bonded to a pane of glass.
The glass serves as a rigid superstrate which pro-
tects the cells against fracture from flexure. In
such a PV/T design, the glass plate with the cells
bonded to it beeomes the absorber plate of the ther=
mal part of the collector. The objective of good
design is to reduce losses from this plate and to
incorporate changes which lead to a large heat trans-
fer coefficient from the underside of the ''absorber
plate'", i.e. from the PV cells, to the air. It is
important that the difference between the tempera-
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ure of the cells and of the air flowing past thecells
be minimized since if the cells are hotter than the
air stream, their efficiency as PV cells decreases
without benefit to the thermal performance of the
collector. We concluded that the main reasons for
the poor thermal performance of the first genera-
tion PV/T air collectors was excessive thermal
resistance between the cell/absorber surface and
the air stream. This would cause the cells to run
hot and reduce their PV performance. In addition,
we condluded that the low value of the intercept on
the n vs. AT characteristic was attributable to the
lower absorptivity of the glass/cell "absorber
plate' of the PV/T collector as compared to the ab-
sorptivity of the ''black" metal absorber plates
used in conventional flat plate collectors. Based
on this analysis, we concluded that the thermal per-
formance of the PV/T collectors could be signifi-
cantly improved over that of the first generation
collectors by modifications in surface absorptivity
of the cells and by increasing the heat transfer
coefficient between the cells and the air stream.

It was decided at the beginning of the project
that except for the PV/T panels (which were not
available commercially), all the other compnnents
in the system would be "off the shelf'" items since
the whole PV/T system is intended for commerciali-
zation when the price of photovoltaic cells drops
to the levels envisioned by the DOE PV price goals
for the mid 1980's. The electricity produced by
the PV cells will be interfaced with the electrical
utility through a synchronous inverter. This
electrical energy will be used mainly for space
conditioning; most of it will be used to run a con-
ventional heat pump. However, a portion will supply
the distributed electrical load of the building.
Therc will be no on-site electrical energy storage
system. The thermal energy provided by the collector
will be used to heat the building through a standard
air heating solar thermal configuration. A rock
storage bin will be incorporated in the sys-
tem. Figure 2 is a schematic representation of our
system. The building we have designed is of uncon-
ventional construction. It will be prefabricated
from framed sandwich panels consisting of two ply-
wood sheets enclosing a foam insulator interior. The
exterior surfaces of the panels can be finished with
fiberglass or aluminum sheets, gypsum board, hard-
wood panels, etc. The foam type,density and thick-
ness are selected to achieve a desirable balance of
structural, thermal and acoustical properties. The
building will be consigned to Brown University for
the duration of the project by its manufacturer,
Goldmark Industries of Newburg, N.Y. The floor
area will be 1200 ft2; the roof is of A frame con-
struction, an optimum angle having been chosen after
modeling of the performance of the building in Rhode
Island.



During the first phase of the project much of
the effort was devoted to developing a computer
model which would satisfactorily simulate the per-
formance of PV/T panels and of the whole system.

By combining computer programs from the University

»f Wisconsin (TRNSYS - A Transient Simulation Pro-
jram), Arizona State University (PV/T collector and
inverter simulation routines), and Brown University
(system controller and heat pump simulation routines),
it has been possible to build a computer model that
can simulate our complex, multi-mode PV/T system
(shown schematically in Fig. 1) and that can accept
frequent changes in the system's configuration or
control scheme.

A computer model of a baseline all-electric
heat pump residence was also written and used to
provide a basis for comparison over the full test
year. This baseline simulation, together with
simulations of various configuration of the PV/T-
heat pump system formed the basis for choosing the
size of various components and for optimizing the
control strategy.

An important question about any energy system
is its economic viability. In the case of the PV/T
system under consideration, it is first necessary to
determine the amount of electrical and thermal energy
produced by the system and to determine its econo-
mic value. The simulation program described above
provided this information. The next step is to
determine the cost of the system components,installa-
tion costs and maintainance costs. Having collected
this information, we then computed the return on an
investment in PV/T and thermal only systems added
to the building. Various reasonable assumptions
about the inflation rate, the discount rate,interest
rate, tax credits, tax savings, etc. were made and
cash flow projections for the assumed twenty year
life of the system were made.

Finally, components for the system have been
ordered. A construction schedule has been set up
and work on implementing the system has begun.

The project has attracted financial support
($50,000 for 1981) from the New England Electric
System (NEES), the parent company of the local
electric utility. The value of the building being
consigned to the project by Goldmark Industries is
about $40,000. Other industrial organizations are
expected to participate in the project by donating
or consigning other equipment needed in the system.

TECHNICAL ACCOMPLISHEMENTS

A "second generation'' PV/T panel was designed
and constructed. Tests at the University of Conn
Connecticut have shown that the performance of this
panel is significantly better than that of the
Spectrolab and ARCO panels which comprised the first
generation PV/T panels. The performance improvement
resulted from two factors. The first was an increase
in the absorptance of the cells by recourse to tex-
tureed cells covered by an anti-reflection coating
and to blackening of the metal grid contacts on the
front of the cell. The second was an increase in
the heat transfer coefficient by narrowing the air
€low channel under the cells or by attaching fins

o the backs of the cells. The test panel consisted
.f two sections. In one of Lhem,heat transfer was
increased by attaching fins to the cells as shown
in Fig. 3; in the other half of the collector, heat
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transfer was increased by decreasing the channel
width to 0.30" as shown in Fig. 4. Figure 5 is a
plot of the overall (thermal plus electrical) effi-
ciency n_ vs. x (i.e. AT/I) for this two section
collector. As is evident from this figure, the
performance of both the finned and narrow channel
(labeled '"plain" in the figure) is substantially
superior to the performance of the first generation
PV/T collectors (Fig. 1).

A flexible '"streamlined' computer simulation
model for the complete PV/T system was developed.
It allows for exploration of fourteen modes of
operation of the system. A weather tape for Rhode
Island was fed into the program. It was found that
the PV/T system would provide about 65% of the
total energy needs of the building. About one half
of the energy is thermal; the other half is electri-
cal. Of the electrical energy, about one half is
produced at a time when it can be used in the
building, the other half is returned to the u<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>