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SECTION 1
INTRODUCTION AND SUMMARY

INTRODUCT ION

An extensive review of the |Iterature was conducted In partizl fulfl!llinent
of lask | of Contract NAS 8-30758. This review was concerned with (1) the
characterlzation of systems and equipment that could be applicable to the
development of solar-powered air conditioners based on the Rankline-cycle
approach, and (2) the establlishment of baseline data defining the pertformance,
physical characteristics, and cost of systems using the LiBr/Hy0 sbsorption
cycle. The pasellne data are to be used later In the study for comparision
with an optimized Rankine~driven vapor compression system. This report sum-
mar |zes the Information gathered to date and discusses pub!lshed data in terms
of the cbjectives of the present study. Since significant study end develop-
ment work Is In progress, the state-of-the-art survey will be continued thrcugh
the contract perlod and the results of current prograns reviewed as Information
becomes avallable. Additional information collected during the state-of-the-art
review will pe reported In the monthly progress reports.

A pbrlef summary of the findings is glven below. Summaries and dlscussions
of the most pertinent data are presented In Sections 2 and 3, and references
are listed in Section 4.

SUMMARY

Alr conditloners specitically designed for operation using solar thermal
energy are not presently manufactured commercially. However, the technology
Is avallable ftor the develonment and production of such eculpment, and <everal
organizations are engaged In the development of protofype components ang sys=-
tems for this appllication. Most air conditioners instalie! in experimental
soler houses have been conventlonal eiectric=driven vapor comoression units
or absorption-type coolers. The latter are obsolete Ark!: Lifir/H-0) absorot!on
units mod!tied for thls speclific application; the modiflcetion involves replace-
Ing the gas-fired generator with a water=tired unit fto acconronate +he solar

col lector subsystem Interface. Currently under NS® sponsorshlp, Ackla Is
further modlfylng an ex!sting water chlller ageslgn 1o inco porars a reclrcula=
tion pump and an evaporatively ccoled abscrber. The ant!cipated performancze
of the unit Is listed in Table 1-1 at the operating condi lons 1ofed.

With respect to Ranklne-driven refrigsration cystems, the gara Ilsted In
Table 1-2 characterlze the partormance of such systoms using otate=gf=tha-art
compressor and turblne designs. These vaites agree {alriy well with experie-
mental data obtalned on a Barber-nNicrols <.iien daveloped [or in-tallation and
evaluation In th2 Honeywell mobiic “o!ar ianorerory.

(c.-;:n\v‘*l ABESEARCH MANUFACTURING D024y 14=10G956( 3)
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TABLE 1-]
ESTIMATED PERFORMANCE OF WATER=F IRED ABSORPTION AIR CONDITIONER

Cool Ing capacity 10.54 Kw (3 tons)
Hot water source temperature 363.7°K 1n/3%8.2°K out (195°F In/185°F out)
Chllled water temperature 285.9°K In/280.4°K out (55°F 1n/45°F out)
Evaporative heat rejectlon 298.7°K (78°F wb alr in)
Water consumption 25.2,m3/sec (24 gal/hr)
Coefficlent of performance 0.65
Electrical consumption 875 watts maxlImum
TABLE 1-1

TYPICAL STATE=-OF=ART RANKINE AIR CONDITIONER PERFORMANCE DATA

Hot water Inlet temperature 377.6°K (220°F)

Evaporator temperature 280.4°K (45°F)

Condensing temperaturs 305°K (90°F)

Rankine-cycle efflicicncy 0.1

Vapor=-compression cy=le COP 6.0

Overa!l COP i 0 0.6

The concluslons reached by vurlous "nvestigators as to the eccnomlic

appllcablllity of solar-powered air cootirtioners ure wldely conflicting (Refer-
ences 1=1, 1=2, and 1=3). Overasl! =yetur |ite-cycle cost and pay-back data vary
py more than an order of magniiuvic. Trae ciscrepancles between the published data
are due to the dlfferent assurstio: baslc to these studies., These assumptions
are primarlly related to (1) the prujecrsd cost of solar collecturs, (Z) the
projected cost cf fuel, and (3, " fa~vtvene.s ot the heat-powered refrlgeca-
tlon system contiguration and utitl-ation, It is apparent from these studles
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that the cost of the solar collector is a decls ve factor In determining
pay-back time. Since the size of the collector Is directly related to the
effectiveness of the refrigeration system, every effort should be made to
develop a refrigeration machine designed for maximum efficiency and low
fabrication cost. The technology for this Is available.

As an example, the solar collector size necessary to power a Rankine-
cycle alr condltlioner can be reduced by 30 percent as the efficlencies of the
system comoressor and turbine increase from 70 percent to 80 and 85 percent.

In itself, this represents a significant factor In the performance of economic
studles. It Is an objective of the present study program to determine the
potential of Rankine-powered air conditioning equipment optimized for operation
at the low-temperature heat source attalnable from flat-plate solar collectors.
The future utillization of solar-powered air conditioners mav not be determined
from economic factors, but rather may be Imposed by legislation aimed solely at
resolving the nation's energy dependency.
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SECTION 2
REVIEW OF ABSORPTION SYSTEM L ITERATURE

GENERAL e

An excellent treatment of absorptton refrigeratton systems Is presented
tn Reference 2-i. At the time (1957), Servel manufactured |tthtum bromide/
water (LIBr/H90) atr condittoners for residential use. These were atmospheric-
steam or water-cooled untts. |In an effort to elimtnate the
requirements for cooltng towers as ultimate heat sinks for the LIBr/H,0 absor-
ber, much work was performed tn the development of refrigerant-absorbent
comb inattons with tmproved vapor pressure properttes more sultable to the
destgn of atr-cooled systems. Such a program, sponsored by the American Gas
Assoctatton (AGA), Is summarized in Reference 2-2 (1968); data presented
indicate that a LiBr/LtSCN/H,0 fluid system has lower vapor pressure charac-
tertstics, and this offers potenttal for atr-cocltng the absorber without
crystal | tzatton.

ABSORPTION SYSTEM AVAILABILITY

Absorptton-type atr conditioners have not penetrated the resldenttal
marketplace to any extent. Currently, Arkla does not produce any small-
tonnage atr condttioners. However, they do market gas-fired atr-cooled
water chillers Itn bastc sitzes of 10.5 kw (3 tons), 14.1 kw (4 tons), 17.6 kw
(5 tons) and multiples thereof. Data typical of the performance of these
water chtllers are presented in Table 2-1 for the 14.1-kw (4-ton) unit.
Coefflctent of performance of 0.48 (excludtng auxtltary electrical power)
ts specifled; this corresponds to an ambient air temperature of 308.2°K
(95°F) and a chilled water supply temperature of 280.4°K (45°F).

ABSORPTION SYSTEM EVALUATION WITH SOLAR COLLECTOR

Wisconsin Untversity Tests

An early Arkla 10.5-kw (3-ton) LIBr/H,0 absorptton unit (Model DUCS-2)
was tested In conjunctton with a fiat-plate solar collector at the Untversity
of Wksconsin In 1962 (Reference 2-4). |In this finstallation, the generator
(destgned for steam heating) was heated with |tquid water from the solar
collector. The lower heat transfer coeffictent obtalned with water resulted
tn a reductton in capacity from 10.5 kw (3 tons) to 7.03 kw (2 tons). The
absorption system provided cool fng, with water temperatures at generator
inlet as low as 355.4°K (180°F) and cool tng water at 302.6°K (85°F) cool ing
water. A coeffictent of performance between 0.4 and 0.6 was generally
achteved on test.

Marshal |l Space Flight Center Tests

A water-coolied Arkla LIBr/H20 system was modifled by replacing the
gas-flred generator with a water-fired unit compattble for operatton with
a flat-plate solar collector. This modifted unit was deslgned to provide
10.5 kw (3 tons) of refrigeratton at a COP of 0.65 with water temeratures

—
,Q--::“ AIRESEARCH MANUFACTURING CCMPANY 74-10996(5)
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TABLE 2-1

SPECIFICATION DATA FOR
ARKLA MODEL ACB 48-00 AIR-COOLEC WATER CHILLER
(MODIF IED FROM REFERENCE 2-3)

Performance Data

Capaclty 14.1 kw (4 tons*)
Gas Input 29.3 kw (100,000 Btu/hr)
Condenser alr volume (approximate) 2.83, m3/sec (6000 ctm)

vhil led Water Data

Water quantlty flov rate 0.1 um3/sec (9.6 gpm)
MaxImum water flow rate 12.6 um3/sec (12 gpm)
Inlet water temperature 285.9°K (55.0°F)
OQutlet water ftemperature 280.4°K (45.0°F)
Untt volume (approximate) 0.011 m3 (5.0 qal)
Electrical
Electrical 230v
Condenser fan, dlrect-drive motor 0.5 hp
(230 v, 60 cycle, 1 phase)
Solutlton and chilled water pump motor 0.5 hp
(230 v, 60 cycle, 1 phase)
Operating wattage draw (typical) 1000 I
Amperage draw less than 12 amp
Fuse slze: time delay (2) 15 amp
Dimenslons
whdth 0.851 m (35=1/2 In.}
Depth 1.23 m (43-1/2 In.)
Helght 1.7 m (22=-1/4 In.)

Physical Data

Operatling welght (approxima o) 30,2 kg (750 In)
Shipping welght (approxinat: 378.2-kg {3295 1b) ! Z2

Refrigerant type

#*Refrigeratrion capactty shown s U ] o Wbt temp=raturs at 308.2°K
(95%F), chllled water suopiy at IH80.49¢ {43} © and at the tlow rates
specifled.
:
i
:
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ot 372.0°K (210°F) at generator Inlet, and 302.t°K (85°F) at absorver

Inlet. Such a unlt was Installed In the NASA Marshall Space Fllght Center
Solar House for experlmental evaluatlon (Reference 2-5). Estimated per-
formance for thils verilon of the Arkla unlit Is presented In Raference 1=},
Flgure 2-1 (taken from Reference 1=-1) shows *he sensltiv!ty of the coollng
capaclty of the unlt In terms of water tempe ature at the inlet ot the
generator and the absorber. For a 302.6°K (85°F) coollng water temperature
(which represents 3 normal design value for coollng towers), the capaclty of
the untt wlil drop from 3 to 1.5 tons as the jenerator water Inlet temperature
drops from 372.0°K (210°F) to 355.4°K (180°F).

CURRENT DEVELOPMENT ACTIVITIES

At pruasent, Arkla Industries (under NSF sponsorshlp) is enganed In a
program almed at the development of a laboratory prototyps solar-powered
LIBr/H,0 avsorptlon system spectflically optimlized for resicential use.
This unlt whil Incorporate the following:

(a) water-fl-ed generator

(b) Liquld pump for clrculatlon of the LIBr/H,0 solution
between the avbscrber and generator

(c) Olrect evaporative coolIng of the absorber and condenser
This laboratory prototype wlll be operated as a water chillier and will

provide 10.5 kw (3 tons) of refrigeration under the following conditions
(Reference 2-6).

(a) Heat-source water temperature: 363.7°K In/358.2°K out
(195°F In/185°F out)

(b) Chtlled water temperature: 285.9°K In/280.4°K out
(55°F In/45°F out)

(c) COP: 0.65

(d) Evaporatlve heat rejection: to 298.7°K (78°F) wt atr In

(e) Water consrmption: 5.2 J“?f?ﬁﬂ

(f) Electrical power consumption: 875 watts maximum

Although the slze and cost of =a0sorstion refrigarators meditled for

solar heat uttifzatton are not avall!ahiz at this time, ™ s helleved
(Reference 2-7) that ihe cost of such =z machine wi!i ba zoout the same as
that for currently marketed water chilizrs {(see Tacle 2-1).

AIRESEARCH ABSORPTICN SYSTEM INVESTIGATIONS

A computer program was developec oy AiRasearch o canerata parametric
LIBr/H,0 absorptlon system performance dat The syetoem modeled is 1llustrated

JGaseae Ty AFISLARCH MANMUFACTUR NG | oA RWDUCIBU.ITK 101.‘. ’PH.E Id- ] 0990( 5’
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TABLE 2-2
ARKLA LIBr/Hy0 SYSTEM COST

Capaclty, Distributor List Price,
Arkla Model No. kw (tons) 1975 dollars
ACB 36-00 10.5 (3) 1265
ACB 48-00 14,1 (4) 1629
ACB 60-00 17.6 (5) 1845

in Figure 2=2. The program computes cycle COP for fixed values of the
following system parameters.

(a) Generator temperature

(b) Absorber temperature

(c) Condenser temperature

(d) Evaporator temperature
(e) Evaporator load

(f) Recuperato- effectliveness
(g) Absorpber effectiveness

The computation procedure Involves Iterative material and heat balance
calculations until the concentrations of the solution in the absorber and
generator are such that the thermodynamic and mass transfer requirements
establ ished by the input parameters are satisfied. The pressure drop in
each system element [s taken into account and nump power is computed. This
program was exercised over a range of conditlons for fixed values of recup~
erator eftectiveness (0.8) and absorber efficiency (0.6); these values
app2ar realistic for the system considered. The data are presented In
Figure 2-3 as cycle COP (evaporator load/generator heat input) plotted as a
function of generator temperature and evaporator temperature. Each plot
~orresponds to a different condenser temperature.

Examination of the data Indicates that for any combination of absorber-
condenser-evaporator temperatures, the attainable COP remalns avout constont
over a wide range of generator temperatures. However, as the qererator ten:ar-
ature drops beiow a critical value, the desigr of a Lidr/H20 absorption sys am
becomes thermodynamically impossible. Since tle computer progrem is a desian
program rather than a performance prediction program, the plets of Fiqure 2-3

cannot be used to predict off-design point performance vecausa the concen=
tration of the LiBr/H20 solution varles for each condiliuin represented by the
Fk'..‘:-ﬂ 74=10595¢ *)
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system temperatures. Referring to Figure 2-3, It Is apparent that generator
temperatures higher than 190°F are necessary to provide a heat sink tempera-
ture consistent with the requirements for on ai-=coo'ed alr conditioner., It
tol lows that thre design of such a system will require relatively high effect-
Iveness heat exchanqgers for operation. The effects of absorber and recuper=-
ator eftectliveness on cycle COF tor fixed values of system operating

temper atures are shown In Figure 2-4. The plots show a relatively small
cnange In COP as @ .unctlon ot these two paremeters., The COP shown includes
the eftfect of pressure drop on system performance, However, thesc data are
somewhat optimistic because heat lossos and galns from amblent are not
consldered In the calculation procedurea, Such losses would easlly result

In a drop In COP as large as 0.1.

Ll o et 74-10996(32)
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SECTION 3
REVIEW OF RANKINE AIR CONDITIONER LITERATURE

A thorough review of Rankine-power systems and equipment has been published
recently by Hitiman Assocliates, Inc. (Reference 1-2.) This review was conducted
under NSF Contract C858. Emphasis was placed on the Rankine power loop, and the
alr conditioner portion of the overall system was not presented at the same level
of detall. Some of the Information contalned In Reference 1-2 is discussed
pelow In the context of the current contract. Also, additlonal programs not
covered In the Hittman survey are summar|zed. The Investigations conducted
by the following organizations currently active in this field are summarized:

ta) Barper-Nichols Englneering

(b) General Electric Co.

(c) AlResearch Manufacturing Company

(d) United Alrcraft Research Laboratories

(e) Battelle Memorial Institute

(t) Thermo Electron Corporation
HITTMAN SURVEY DATA

The Rankine power system and equipment data compiled by Curran et al. are
summarized Iin Table 3-1 (from Reference 1-2). Most of the Rankins engines l|isted
were designed for electrical power generation from relatively nign grade thermal
energy; also, the power output of these machines far exceeds the requirements of
a 10.5= to 17.6=kw (3= to 5=ton) refrigerant compresscr (about 3 «wi. However,
the data are significant because the efficiencies attain:d «ith various types of

expanders and liquid pumps are representative of existing dscicn ‘echnoicay.
Also, the machines |isted are experimental units and in gzporal "ave nol been

subjected to extens/ve develcpmental efforts almed at maxinizing afficiency. The
data show that expander efficlencies between 70 and &80 percent ~an be achieved
with various types of machines (turbine, rotary, and reciprocsiing) over a rela-

tively wide range of power output.

Cycle efficliency, however, is dependent on the operatina “nparaiure levels
of the boiler and condenser. Data from Reference | vere usec in the prepara-
tion of Figure 3-1. The overall efficiency shown is uefired a5 ‘allows,

net Rankine-cyclo plwer

[

Overall cycle efficiency = boiler haat input
- : 1=-10995(3)
‘Gammevy, ARESEARCH MANUFACTUS v CUMPANY
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TABLE 3-1

SUMMARY OF CHARACTERISTICS FOR SMALL RANKINE ENGINES
(FROM REFERENCE 1-2)

1/ __Eycle m" Overall ot inatad
Protuction | ialet e W SRAT— GRS Van he e S0 T
Manufsctarer/ Type of Production inlet Pover  ETficiency Pas Power Rfi.clew~y <ife
Lo, Cesiensi ricid Expander Application  C/i/¢ F/psia  “P/peia  wp s Rated Power : B2 A [T
1. Acrojet-Liguid AZ7-T2 Turbine Autcacbile 1 $30/1000 201735 Ta.9 (3] 26.%00 (1] 5.6 »y it
Rochet
2. Barbar-Xichols (118} Turblae Solar Cooling 200/%7 /9.5 2. s 31,100 | 1] -1 [
}. Energy Messarch Watar Rotarcy Autamobile L100/3508 2el/50 100.% " L] 0.1
.
4. Pairchild-killer FC7S Tuiline Total Cnesgy 4207204 117/14.5 L. M ”.a 20,000 - Lad
Plart
5. Eeller Water Rotery Solar Power c 4007259 160/ Any (1] 1.000 1] as. »
Plant
6. Feller Water Rotrry Autosoblile < $50/.000 273748 36-200 ”" 200-2000 [N ) 19. 1
7. RBinstics R11} Rotary Auvtomcbile ] 315/058 200/5% ar.e " 3,500 " [N ] 3= b
8. Kinetics mile Batary Solar Coolimg 200/180 80725 7.5 L] 2,500 .02 n.32
9. tiar Kater Turbine Autozobile [ ] 110071100  223/19 2.7 (%] 635,000 L .. 1.8
10. Ormat wa Turline Poneryach ] Variable 3.0 70 19,000 . 6.0 a»
il. ¥Failico-Ford ®irs Turbine Powerjpeck L 600/7 nyi 0.1) 2] 3.0
12. Stean EZagine Kater Reciprocating Autssablle ] $30/750 220/20 13s5.0 2,7% "
Systear
1), S:aentilic Water Reciprocating Autcazbile B 1e0s/1000 230720 146.90 " 306-2000 L] 20 Te 4.3 18-20
Lnirgy Syetemn
14, Sundiccand cP=-2% Turbine Tots'! Energy 1 § 8257498 137/3.4 13.1 7 %,200 »0-40 20.0 a3
Aviatica Fleac
1%, Jandetrand Cowtherm A Tursine P erpack E 700/70 23%/.% 0.0 2 24,000 .. n
AVistioa .
16. Trar=o E! rctroe Fivoranol 3% Recijtoasting Astorobile ] (1Yo bl ics/ e 145.5% 70 1,000 [ L] 1.2 3.6 1=.0
17. Therzo Electrun Fiuorincl 85 Turline Automotile 1 3 439780 w08/ 185.% " 10,000 " 11.8 1.6 16.9
16, Theroo Llsctron (o 25 1 Reciprocating Powurpack E $32/5C0 220/2% s.r ” 3,600 “° *.y .29 1.0
1Y, Thireo Election ey | Reciprocating Solar Cooling < 212735 12¢/6) 3.1% "7 1.000 .33 ..e
M. tnit = Adrcaait Rild T cblae Zolar Cooling c 200- 375/ 315/i6.0 4.3 50,000 -
3 T6-340
i 13 Tl folar Cooli 1] 250-27%7  120/6) 8.0 L] 17,000 b ad
k. Lndtes Adreralt alle ire g 250-<u8 -

hot gawes

an Tafarure.
date am Befuronce,

Casculated by 21 from

“alas sisumed for efficieacy calcuist.oa

®* mot given ia Rifereace.  Insufficieat data
fos calcuiatioa.

Pinal results of currest

availabie.

ressarch net yet



OVERALL RANKINE-CYCLE EFFICIENCY, PERCENT

where the net Rankine-cycle power |s the expand:r power less the power necessary
to drive the loop pumps, fans, and controls. The overall efficlencles of

Figure 5=1 represent 55 to 65 percent of the Ca-not efficlencies corresponding
to the source/sink temperature shown, with the algher Carnot approach occurring
at the lower boiler temperatures.

20
15 |
50 ILER TEMPERATURE CONDENSER
377, 69K lzgzag:')‘ TEMPERATURE
366,50  (220°F) 305.49K (900F)
355, 4°K (200°F) Y I
4 3229k (120°F)

5
{ j>h<:”3*' NOTE: OVERALL CYCLE EFFIJIENCY

10 —:180°F)";" | P e |
>< <333.2°K (140°F)
N

INCLUDES PUMP AND CONDENSER
FAN POWER

Figure 3=1. State-of-the-Art Rankine Engine Efticlencles

SARBER-NICHOLS INVESTIGATIONS (REFERENCES 3-1 AND 3-2)

tarper=Nichols has developed a solar-powered Rankine cycle alr conditioner
for ircstallation and evaluation testing In the Honeywell transportable solar

laburetory. [his program was conducted under joint sponsorship of NSF (Grant

Pi7 74-01553) and Honeywell, Inc. A schematic of the solar-powered alr condi- .

tloner is shown in Figure 3-2 (from Reference 3-2). A motor=-generator is used

to suppiement the Rankine turbine when solar heat is not adequate to drive the “
air conditioning compressor. When the turbine output exceeds the requirements .

of the compresscr, electric power can be generated. The system is designed to
proviia 5 ftons of refrigeration with a collector water temperature of 374.8°K
(215°F) and 2 condenser water temperature of 302.6°K (85°F).
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System overall performance (COP) Is shown In Figure 3-3 as a function of
collector water ‘temperature. The data were obtained prior to installation
in the solar la.o~atory; an overall COP of 0.5 was achlieved. Through further
development and relatively minor component and system Improvements, it is
anticipated that vhe overall COP could be increased significantly (above the
0.6 value at design point). It Is significant that the system did operate
with collector wa*er temperatures as low as 349.8°K (170°F). This Is 25°K
(45°F) pelow design value. Under this condition system capacity drops from
10.5 to 3.5 kw (3 to | ton); also, the COP decreases from 0.5 to about 0.25.
Data presented in Reference 3-1 show that a turbine efficiency of 72 percent
was achleved; also, the efficiency could be maintained above 65 percent by
maintaining turbine speed at design value through the use of the electric
motor.

GENERAL ELECTRIC

General Eleciric Space Division has been engaged in the development of
a multi=-vane expander for low=temperature Rankine cycle application for
about 4 years. A 4.85-kw Freon unit Is currentiy In test. Expander effici-
encles as high as 75 percent have been achlieved, and through development it
Is anticipated that this value can be Increased to 85 percent, Figure 3-4
(from Reference 3-3) shows the expander configuration and its performance
over a range of flow. A 10.5-kw (3-ton) commercial retrigerant compressor
was coupled to a2 multivane expander and tested over a range of temperatures.
The unit has peen subjected to 1020 hr of unattended endurance testing.
A COP of apbout 0.5 was achleved, corresponding to the following conditions

Expander efficiency = 72 percent

Compressor efficiency = 60 percent

Condenser temperature = 310.9°K (100°F)

Expander inlet temperature = 366.5°K (200°F)
The major advantage of a vane expander is the high torque at low speed.
AIRESEARCH INVESTIGATIONS

In 1970 Aikesearch dellivered two heat-powered refrigeration systems to
the U.S. Army (MERDC). Results from this development program are presented
in Reference 2-4. One of these systems was an air conditioner and the other
a water cniller of similar design. These systems utilized the thermzl energy
contained in the exhaust stream of a gas turbine to produce mechanical enarqy
through the Rankine cycle. This energy is expended in driving (directly) ftne
centrifugal compressor of a refrigeration loop. A schematic of the systen
Is shown in Figure 3=5. The turbocompressor s a hermetic unit featuring a
two-stage compresscr driven by a single-stage turdine at about 48,000 rpm. A
photograph of the unit Is shown In Figure 3-6. Compressor pressure rgtic o
design point was 6.2:1. Turbine and compressor efficiencies of 80 and 75
percent, respectively, were consistently measured In tests. The sysTem
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Figure 3-3. Barber Nichols System Test Performance (frocm Reference 3-2)
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performance as obtained In testing and the estimated performance of the
system slightly nodified for operation from & solar heat source are shown
in Table 3-2.

Currently, AlResearch Is engaged in the development of a 35.2-kw (10=ton)
R=12 centrifugal compressor. The test unit shown In Fligure 3~7 is driven
through a magnet.c coupling so as to permit the use of static seals throughout,
The 0.038-m (1.5-In.) dlia compressor wheel Is designed to rotate at 90,000 rpn,
Efficlencies as nigh as 75 percent are anticipated from this machine operating
at the conditions |isted below.

Inlet pressure: 386 kN/m2 (56 psia)
Inlet temper ature: 286.1°K (55°F)

Outlet pressure: 1275.5 kN/m2 (185 psia)
R=12 f'ow rate: 0.302 kg/sec (40 Ib/min)
Speed: 90,000 rpm

Test data obtalned to date have Indicated very close agreement petween deslign
and experimental values.

An Investigation was made of the practicallty ¢t ising high-speed turbo-
machinery in systems designed for residential appllications. To this and, data
on high-speed rotating equipment was obtained from the AiResearch Industrial
Division (AID) of The Carrett Corporation. AID is the worlds leading manufac-
turer of turtochargers for !n*ernal combustion engines, with 2 total production
of 350,000 un!ts per year that represents a family of several models. Some of
thesc units are shown in Figu-s 3-8, and Figure 3-9 |ists the speed, size, and
efficiencies ot these machines. In a turbocharging application, the maximum
pressure ratios ever necessary are less than 3:1, which Is representative of
the capability of these machines. The turbine efficlencles listed include
the mechanical losses of the machine and represent the net shaft power dellivered
to tne compressor. The size and construction ¢f these machines are not repre=-
sentative of a low-temperature turbocompressor, as would be reguired tor a
solar-powered air conditioner. For example, the turbine whea! and casing are
tfabricatea of high-temperature alloys; also, the volumetric tiow ratus through
the unit are general!y much larger than would be requlired in o refriaccration

turpocompressor. However, the data indicate that manutccturing technoiogy is
avallable for large production of turbomachines of relaiive'y sopnicticated
aerodynamic design. Projected factory cost for production n antities on the
order of 1/2 million unlts per year for 5 years s estimatci at 450 par unit,
Smal ler size and lower temperature units coula be fabricalen of much lower
cost. Manufacturing techniques using glass-reinforced polycarbonzte could

possibly pe used to advantage.

4=-109961 3)
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TABLE 3-2

PERFORMANCE OF WASTE HEAT REFRIGERATOR MCODIFIED FOR SOLAR OPERATION

Current
Design

Solar
Modificatlion

Refrigerant
waste heat source
Refrigerated air

Flow

Refturn temperature

Qutlet temperature
Coolling alr

Flow

Inlet temperature
Bolling temperature
Condensing temperature
Evaporating temperature
Turpine pressure ratio

Compressor pressure
ratlo

Refrigeration

R=11
Gas at 672.0°K (750°F)

1.03 m3/sec (2200 ctm)
305.4°K (90°F)
21.5° (65°F)

4.48 m3/sec (9500 cfm)
322.0°K (120°F)
410.9°K (280°F)
335.9°K (145°F)
283.2°K (50°F)

5.111

6.2:!

17.6kw (5 tons)

| 15.8kw (4.5 tons)

R=11

Water at 366.5°K (200°F)

1.23 m3/sec (2600 cfm)
299.8°K (80°F)
288.7°K (60°F)

4.48 m3/sec (9500 ctm)
308.2°K (95°F)

358.2°K (185°F)
318.7°K (114°F)
283.2°K (50°F)

3.0:1

3.4:1

e
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Figure 3=7. 35.2-kw (10=Ton) Prototype Freon Compressor
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Automotive Turbochargers
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UNITED AIRCRAFT RESEARCH LABORATORIES (REFERENCES 3=5 AND 3-6)

United Alrcraft Is currently engaged In the development of a turbo-
compressor applicable to a solar heat-powered Rankine alr conditioner. The
objectives of this program are to (1) demonstrate the feasibility of operat=
ing a turbocompressor alr conditioner powered by heat collected from a state-
of-the-art solar collector and (2) analytically demonstrate the potential of
such a system. The demonstration system will utilize a modified existing
turbocompressor unit originally designed to proaguce 28.1 kw (8 tons) of
refrigerztion with R-114 as the working fluld and gas turbine 2xhaust as the
heat source. Flgure 3-10 (from Reference 3-6) shows the unit, which consists
of a two-stage compressor driven by a single-stage turbine. The rotating
assembly s supported by ball beerings; rotational speed Is about 30,000 rpm,
Peak efficienclies for *he compressor and turbine operating as separate crm-
ponents have been demonstrated In tests to be 0.69 and 0.78, respectively.

Matching of the modlfied compressor and turbine at the alr condltioner
design point will result in considerable turbire efficlency drop. Compressor
and turbine efficiencies of 68 and 66 percent, respectively, are predicted
(Reference 3-3) under the follow system conditions.

Working fluid: R-11

Turbine Inlet temperature:  366.5°K (200°F)
Condensing temperature:  313,7°K (105°F)
Evaporating temperature:  280.4°K (45°F)

The corresponding overall system CO” (evaporator load/b- Iler heat input) Is
estimateu at 0.366.

Investigations pursued by Hamilton Standard (a division of United
Alrcraft) indicate that compressor tficiencies as high as 80 percent could
be achieved In the size necessary to produce 2 to 5 tons of refrigeration.
This estimate is supported py tes' data obtained on an advanced compressor
design fabricated from sheet stock. Similarly, with |imited development work
turbine efficlenclies of 80 percent could reallstically be obtained. With
these efficiencles, o system COP of 0.76 can ve achleved at the baselline
conditlions |isted above.

BATTELLE MEMORIAL INST!TUTE (REFERENCE 3-7)

Battellez is currentiy under contract to NSF for the design study of a
heat pump using a rotary vane comaressor-expander. This rotary machine
teatures pivoting vanes nyorodynomically lubricated by the working fluid, The
basic design ot the ualt was darived from a hich-speed aircraft hydraulic pum:

developzd for tha Alr Force. |t Is anticlpateq that the pivoting vane design

[

g : - P iEAR( e MAN Al l.;i-u:-u : -.t:r'.-\-' ?4-‘Cg.‘{“:.;:ﬂ
‘ Page -i4



TURBINE EXIT

TURBINE INLEY

TURBINE WHEEL

(N }/ SEE NOTE

S|
:“%
(- TURBINE NOZZLES

COMPRESSOR WHEELS

COMPRESSOR
EXIT

COMPRESSOR o ' COOLANT
INLET

}‘/ . .~ EXIT

NOTE: DEMONSTRATION UNIT TURBINE HOUSING 15
MACHINED FROM SOLID PIECE RATHER THaAN
CAST AS SHOVIN;

"
L N L

el ]

§-92uL2"

Figure 3-10. UARL Turbocompressor Test Unit
(From Reference 3-6)
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will provide very high compress~ and expander efficliencles at low rotational
speed and low cost. However, only quallitative data on the machine are
reported In Referance 3-7.

THERMO ELECTRON CORPORATION (REFERENCES 3-8 AND 3-9)

Thermo Electron Corporation has been engiged In the development of Ranklne
power systems uslag reclprocating machines since 1963. Currently, this organi=-
zatlon Is involved In the development of a single-cylinder 5-hp engline mode!.
The engine Is designed to operate with CP-34 as the working fluid. Design data
are |isted below.

Inlet pressure: 3446 kN/m2 (500 psia)
Inlet temperature: 560.9°K (550°F)
Release pressure: 172 kN/m2 (25 psia)
Engline rpm: 3600

Engine bore: 0.057 m (2-1/4 in.)
Engline stroke: 0.044 m (1-3/4 in.)

No actual test data on this engine are presented In Reference 3-8. However, the
characteristics for a 5-hp portable package using this basic engine are reported
In Table 3-3 (from Reference 3-8).

Currently, Thermo Electron Corporation is engaged in the development of a
gas-fired heating/cooling system using the reciprocating engine Rankine-power
system principle. The working fluld Is R=22 in both the Rankine power loop and
the cooling loop. Estimated characteristics of this machine are listed in
Tab!e 3-4 (taken from Reference 3-8). The gas COP is defined as the ratio
of net cooling rate to thermal Input to the boller during cooling.

Using vasic reciprocating expander technology, the solar-powered heating/
cooling system depicted in Figure 3-11 (from Reference 3-9) is suggested by
Thermo Electron Corporation. Expander, compressor, and feed pump efficliencies
of 72, 72, and B0 percent, respectively, are claimed as consistent with effi-
clencies measured in tests of similar equipment. With R-114 as the pow2r |oop
working fluid and R-27 as the refrigerant, an overall COP (cooling effect/heat
input) ot 0.6 is predicted; this corresponds to a doller temperature of 377.6°K
(220°F) anrd a condensing temperature of 313.7°K (105°F).

(@muemen =] L5 T AR MANUFACTUR 4G COMPANY 74=109495( 5)
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TABLE 3-3

SYSTEM CHARACTERISTICS FOR 5-HP
PORTABLE POWER PACKAGE
(FROM REFERENCE 3-8)

working fluld
Flow rate

Net engine shatt power

Feed pump power
Accassorles drive power

Total engine shaft power

Q boller

0 tuel

Q regenerator

Q condenser

T overall

n cycle (does not include boller efficiency of 82 percent)
Engine overall efriciency

Feed pump overall efficlency

JRocenerafor effectiveness

Boller eificiency

Cp=-34

392 Ib/hr
12,700 Btu/hr
5 hp

950 Btu/hr
1,600 Btu/hr
15,250 Btu/hr
6.0 hp

80,400 Btu/hr
98,100 Btu/hr
13,800 Btu/hr
64,200 Btu/hr
13.0 percent
15.8 percent
75 percent

60 percent

90 percent

82 percent

[emmee | ARESEARTH MANUIACTURING COMPANY
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TABLE 3-4

CHARACTERISTICS OF COST-OPTIMIZED
HEAT ING/COOL ING SYSTEM
(FROM REFERENCE 5-8)

Iboollng rate

Heating rate (Input)

Gas COP net

Welight (condensing section)
Slze (condensing section)

Electric requirements

36,000 Btu/hr
122,000 Btu/hr
0.4

410 Ib

4 by 3 by 2.3 ft

Heating 0.3 kw
Cool ing 0.5 kw
Above values based on:
Englne overall efficliency 70 percent
Compressor overall effliclency 70 percent
Vapor generator thermal efficiency 82 percent
Feed pump overall efficlency 60 nercent
Evaporator temperature 45°F
Amblent air temperature 95°F
Boiler outlet temperature 405°F
[P 74-10G96( 3)
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