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1. INTRODUCT ION

This document summarizes preliminary design activities conducted by
AiResearch Manufacturing Company of Callfornia under Contract NAS8-32091, I+
was prepared In accordance with the requirements of Appendix A, Data Requirement

500-7 of the Statement of Work, and contains data pertinent fto the heating/

cooling systems prelIminary design review.

The AiResearch approach to the heatling/cooling systems is to use a rever-
sibia vapor compression heat pump that Is driven in the cooling mode Gy a
Rankine power loop, and in the heating mode by a variable speed electric motor.
The heating/cooling systems differ from the heating-only systems in (1) the
arranjement of the heat pump subsystem and (2) the addition of a cooling tower
to provide the heat sink for coolirg mode operation. The remainder of the
subsystams are essentlially the same for the heating/coollng systems as for
the heating-only systems; consequentiy, most of the data presented in AlResearch
Report 76-12994, PDR Data Package (Heating Systems), are pertinent to the
heating/cooling systems. Data from 76-12994 are refarenced in This package.

The information presented In this document covers differences that are
specific to the heating/cooling systems and new or updated data that were
generated since the publication of AiResearch Report 76-12994,

Since the installation sites have not been selected, only |imited work

was done at tae overali system level., This work was aimed primarily at con-

cept refinement for the various subsystems. The major part of the activities

was concerned wifh the design of the heat pump subsysiem.

\éfnzuﬁ AKESEARCH MANUFACTURING COMPARY 76-13448
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1.1 OVERALL SYSTEM APPROACHES

Ovarall system and subsystem approaches have been defined In AiResearch
Report 76-12994, Figure 1-1 Is a schematic of tha 3=ton/80 K3TUH heating/
coolfng system.

Functlionally, the collector, colliector loop, emergy sforage tank, aux-
I11ary heater, and domestlic hot water supply are the same as for the single-
family resldence 80,000-Btu/hr heatling system. A coolling tower Is added to
the heat pump system to provide a suitable heat sink In the cooling mode of
operation. In the heating mode, the cooling tower is inactive. In the cooling
moda, the heat pump utliizes thermal energy from the storage tank as the primary
source of power. The Rankine air conditioner described in more detall later
cools and dehumidifies recirculated alr from the condlitloned space directly
as shown in the schematic of Fligure 1-1,

Schematicaliy, the 10-ton/250 KBTUH system Is identical to the one depicted
In Figure 1=1,

A schematic of the 25-ton/B00 KBTUH system Is presented in Flgura i-2.

The coliector, energy storage, auxillary heater, and domestic hot vater sub-
systems are functlionally the same as for tne 800,000-8tu/nr heating system,
The auxiliary heater and domestic hot water tanks are the same equlpment.
Collector and storage tank sizes are different.

A cooling tower is added to serve as a heat sink for the Rank'na=cycle
air conditioner in the cooling mode of operation. In the heating mode, the
cooling tower is Inactive and is drained to prevent freezing.

The water nheat transport loop from the heat pump to the twelve rerminal
units servas to fransmit the cooling effect to the residence. Control of the
cooling capacity of each of the twelve terminal unlts Is by cycling the ventl~

latlon fans on and off using thermostats suitably located at each unit.

P ORIGINAL PAGE i 76=13448
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1.2 OVERALL SYSTEM PERFORMANCE

System performance for the single-family and multifamily resldence systems
is presented in Table 1-1. These data were taken from the AiResearch proposal
and were derived using Nashville weather data and the residence models supplied
by NASA. They are included here for reference purposes only. It is believed
that these da*a are representative of the system designs that wil! be generated
following sita selection.
1.3 DOCUMENT JRGAN!ZATION

A review of the work performed at the subsystem level is presented in
this package, followed by the detail work performed on the heat pump and its
major components. Topics covored includes

2 Heat pump subsystem

® Turbomach ine/motor

° Motor control

® System control

® Heat pump heat exchangers

] Cooling tower

R=11 pump

ORIGINAL TAGE 1:7
OF POOR QUALITY.
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TABLE 1-1

HEATING/COOL ING SYSTEMS PERFORMANCE SUMMARY

System Features

Coi lector area, sq ft
Energy storage tank, gal
Heat pump capacity
Heating, Btu/hr
Cooling, tons
Auxiliary heater capacity, Btu/hr
Domestic hot water
Starage, gal
Recovery rate, Btu/hr

Year |y Performance

Residence loads
Heating, 106 Btu
Cool ing, 106 Btu

Hot water joad, 106 B+u

Solar Contfribution
Heating, percent
Cooling, percent

Auxitiary thermal ensrgy contribution
Heatiny, percent

Auxiltary elsctrical power contribution
Heating, percent
Cooling, percent

Total energy expenditure
Therma: {fuel oil or gas), 106 Bty
Electrical, kw-hr

Ul+imate energy saving, 108 Btu

Present value benefit, dollars
(20-year, residential; 25-year,
commercial)

Single-

Family Multifamily
Residence Resldence
1000 10,000
1800 18,000

80,000 800,000

3 25
80,000 800,000
50 650
60,000 750,000
184 1840
34,7 294
30.7 384

67 67

75 65

25.1 24.3
7.9 8.7

25 35

83.2 772
8670 94,185
208 2080
3000 71,000

-
mamanyy)j AIRESEARCH MANUFACTURING COMPANY
< OF CALIFGRNIA
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2. SUMMARY

Pending selection of the installatlon sites and final definition of +he
overal | system capaclties, most of the effort has been concentrated on the
design of the heat pump. Work involving other subsystems was pursued only to
the level of detal! necessary to select approaches and to refine the overail
system schematic, A summary of this work Is glven in this section for each
af the subsystems considered.

2.1 SOLAR COLLECTOR

An RFP for collector procurement was issued on August 30, 1976. Thirty-
two manufacturers were solicited, and 16 different designs were proposed,
ranging from simple flat-plate collectors with black paint absorbers to concen-
trating type collectors. Atll proposals received have besen svaluated using the
methodology shown In Figure Z-1,

A number of designs were sutjected to detailed evatuation using the
present value cost technique as a basls for cost effectiveness comparison.
Tentative selactions were made as a result of these Investigations., The
performance data submitted by the manufacturers whose collectors are the most
atiractive, however, are either calculated dats or questionable in comparison
with simllar designs. AiResearch has therefore requested that these potential
subcontractors supply test performance data (efficiency vs AT/1) certified by
an Independent test agency. These data are due at AiResearch prior to December
13, 1976. Upon recelpt of thase data, final evaluation will be completed, and

the results of these collector investigations will be sresented to NASA prior

@ AMRESEARCH MANUFACTURING COMPANY 76=13448
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to selection of one or Two subconiractors. (Different collectors may be
optimum for the heating-only systems and for the heating/cooling systems.)
2.2 THERMAL ENERGY STORAGE TANK

Tests on a manifold conflguration designed to promote thermal stratifi-
cation were conducted with [imited success (ses AlReserch Report 76-12994,
pages 4-1 fhrough 4-6). The data show that stratification could be maintained
with circulation In the collector loop (water Intet at the top of the tank
an& water outiet at the boitom}. However, when the water flow is reversed
(water inlet at the bottom) simulating heat pump operating conditions, mixing
cccurred rapidly, thus destroying the plug-flow situation in the tank.

A new manifold design has bsen developed using high solidiiy screens
(50 percent) to straighten and distripbute the fiow from both the top and bottom
manlfolds. Testing of this new manifold configuration has been delayed pending
detailed investigations of the interchanger-pump-tank circuit. Figure 2-2
shows the two approaches under consideration.

A cost effectiveness study is beir_, conducted to determine the relative
cost of a tank with an internal coll to itransfer the collector heat to the
thermal anergy storage tank, Preliminary sizing indicates that about 500 ft
of steel coil would be required in the singie~famliy residence tank to achieve
the same thermal performance as the interchanger of the basel ine approach.

The advantages of the colil-in-tank approach are (1)} limited fluld volume
in the collector loop, thus permitting the use of antifreeze at @ reasonable
cost and ellminating the requirement for tank draining to prevent freezing;

and (2) lower pumping power.
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2.3 AUXILI1ARY THERMAL ENERGY

Review of the geographic locations selected by NASA for system installation
indicates that natural gas may not be avallable at all sites for use as an
auxiliary heat source. The packages for the 80 and 250 K8TuH heating-only é
systems were developed on The assumption that natural gas wou!d be avallable; 4

they feature a gas-fired furnace integrated in the air-hand!ing portion of

the package. |f natural gas is unavaiiable, tThe package could be modified

as foliows, depending on whether fuet-oil or electricity is used as the aux-

iliary heat source.
(a) ruel=oil--Integration of an oil-fired furnace In the baseline package
wou!d require major redesign. A small oil=fired boliler gould be
usad with a hot water coil incorporated in the baseline package

In ileu of the gas-fired furnace. The cost of the boiler alone

i,'i;',,._._....._. S

for the 80 K3TUH unit is about $750, compared to $140 for the gas-

fired furnace. This cost is prohibitive.

(b) E£lectrical heat=--In this case, an elsasctrical heater could be flited

in the space occupied by the baseline gas~fired furnace. Electrical

thermai energy, however, is Two to three times more expensive than

fuei—oil and is extremely wasteful of naturai resources. This

approach is not cost effective and further is in direct conflict

e e s

with the ultimate purpose of the present program.
In order to promote modularity while providing flexibility, AiResearch/
Dunham-Bush have revised the auxiliary thermal! energy approach for the single=-
family residence (3-ton/B0 KBTUH) and small commercial (10-ton/250 K3TUH)

systams., The updated approach is to divorce the auxiiiary thermal energy sub-

system from the heat pump package. In this manner, existling off-the-shelf

mreEvs)| ARESEARCH MANUFACTURING COMPANY 76-13448
a /| OF CALIFORNIA Page 2-5




gas, fuel-oil, or electric furnaces could bs used. This will entall additiona!
“ucting between the heat pump package and the furnace; however, the heat pump
package will be the same in all cases. Further, detall heat pump packages can
be deveicped wlfhout.waiflng for final site selection.
2.4 HEATING/COOQLING HEAT PuMP

The baseline reversible (heating and cooling) heat pump schematics origi-
nally proposed used reversing water valves rather than refrigerant valves.
A schematic of tThe multifamliy unit¥ Is shown in Figure 2=3, This approach
was Inltially selected to reduce the pressure drop in the R=11 circult and
also to reduce the overall cost of the heat pump. Examlination of the water
loop arrangement around the condenser reveals that coolling tower water will
be mixed with the other water loops every time the system 1s switchad from
the coolling to the heating mode. This will result in the Introduction of oxygen
and undesirable contaminants into the water loops. To obviate this problem
a number of approaches were considered, Including:

{(a) The use of parallel condensers, one each for heating and cooling
mode operation. The added cost of thls approach is estimated to
be about 32000 for the 25-ton system excliuding any valving that
may be necessary to Isolate the two unlts.

(b} The use of a closed-icop cooling tower. This will re;ulf In a cost
increase of about $4000 for the 25-ton system. In addition, a water
pumping penalty of about 5 kw will be incurred to overcome heat
exchanger pressure drop and to provide for water recirculation within
the tower.

(c) Tne use of an iIntermediate water loop between the condenser and the
open=loop coolling tower. Thls approach has the same thermodynamic

disadvantages as (b) above and none of the advantages.

‘ PAGE 18 76-13448
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(d) The use of a system arrangement whereby the ccoling mode condenser

Is used for this purpose only, so that the cool ing tower-condenser

clrcult Is ciosed and does not Interface with the remalnder of the

system water circuits. Thls approach was seiscted.
A schematic of the updated muliifamily heating/cool ing system Is shown in
Flgure 2-4,

The major differences between the system arrangement originally proposed
and the updated version are as follows:

(a) Ellmination of the water reversing valves and replacement of these

valves by an R=11 reversing valve and an R=11 shutoff valve.

(b) Changing the functions of the system heat exchangers:

(1) The cooling mode condenser is used only in the cooling mode
so that thls condenser and the cooling tower constitute a
dedicated water loop,

(2) The water reclrcutation loop Is isolated from the other water
loops and Interfaces oniy with one of fhe heat pump heat
axchangers. Thls heat exchanger fungtions as an evaporator
In the cooling mode ana as a condenser In the heating mode.

(3) The cooling mode boller is designed to function as the evapor=
ator In the heatling mode. In this manner the water lcop to
the storage Tank is also Isolated.

As shown In the schematic of Figure 2=4, a water shutoff valva Is used
to control on and off a small flow of vater to a coll around the cooling mode
condenser shell, In the heaflﬁg mode, hot water from the storage tank maln-
talns the condenser at a temperature higher than that at compressor iniet,

thus preventing R=11 condensation and accumulaiion in this heat exchanger.

= NAL PAGE S
AIRESEARCH RANUFACTURING COMPAKY glmug‘é)()l}. QU. ALITH 76~13448

Page 2-8

e oo o e s

ol



=

B
P
2
F 1
3 |
= enIz6L2 ; i '
, 3 SFZED ; ! .
; m wergn ™ Ty REvESING ~ JI I I
: : I =
{ 2 L p reTTm oy Eo iyl TR |
. =z oo ] | !
: = CONSENSER N '
; = K 1
] z ! |
; - ) ' l
3 ' | 1
. b ]
g g I !
’ Q= rODE ! i:
! oo SELECTIR .
i & 8 VALVE : '
Yo -
| S5 ’ ! ! FAAT OF ENERLY TRANSPORT
. = . ' SUBSYETEN
P == Do ! ,
{ T e m e —— - -l e ol - - - '
] ; WATER i ! t : i -i é‘gffgm _J '
B . )
_‘ Puna P1 ! L ; : X [ SUDS¥STEN !
. : ) { o 1
Pt TOsFACH € 1 F I | ]
P STORAGE ' ! Lo - GAS SUPPL. l '
; ® ; : s RGN N e e e e e - J DU DO R | -~ 12 -
i ! [ TonmerTTTToIo #EDULE I;I’E‘l:?; L
iy it el { i b b —r T TTTTTTTTETa ) .
Lo HERTEA? .’Dn
‘ P! CODLER
BOILER l’ G
FEED 1
VALVE 1 I consiTighEp TRERIISTAT
2 \ : Rett AR
. B01LER/ _ PUIP FRIN
‘; EVAFORATOR 1 WODE [ gg{ﬁ :n
i | SEY CH=OFF  SELECTOR 1080
ot | POINT  Sumen  SwITCH CENTERS
| G 1
’ ' Q@ I o
e iy Sl $-10545-A
| AURIL 1ARY |j QUTSIDE
! SITCH TEMPERATURE
i
| o0
1 5] ]
1
i . .
i 8 EE" Figure 2-4. Updated 25-Ton/600 KBTUH Cooling and Heati ng Subsystem
i O ~J
H o on -
it w 1 D Py
- yé c B
i' O N
X By
‘ "~ w
| R
5 ~ e £3




This flow of water will only be sufficlent to make up the heat leaks frum
the heat exchanger.

Detail design of-the heat pump heat exchangers revealed that serlious
flow distributlion probiems may be encountered in the evaporating/bolling heat
exchangers. The dlstributors necessary to assure proper fiow through all
heat exchanger passages would be large and would Incorporate a large number
of tubes. Further single=-fube evaporator tests reported |ater Indlcated that
aflfhe low pressure drops specified, slugging problems could occur. For these
reasans, the decision was made to change the conflguration of these heat
exchangers and o use vertical tube evaporators/bollers throughout. Single-
tube heat transfer and pressure drop tests were conducted to generate the
basic data for design., These tests demonstrated stabli!ity of operation under
these conditions. As a result, all heat exchangers were resized and new package

drawings wil| be developed.
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3. SPACE HEATING AND COOL iNG SUBSYSTEMS

3.1 GENERAL

The characterlstics of the heat pumps with combined capabllities for
heating and coollng are presented below. To maximlze modularity and minimize
cost, much of the equipment contained {n the heating/cooling heat pumps Is
identlcal to that of the heatling-only verslons described In the previous PDR,
AiResearch Report 76-12994, In general, the heating/cooling subsystem heat

exchangers are designed so that performance requirements are balanced for the

heating and cooling modes. The approach used for the moftor=driven compressor
was to design a turbocompressor with the Integral motor meeting the require-

ments of the heating/coollng heat pump. The same machine Is used without the

turbine for the heatlng-only heat pump. Here sgain, the declision was made
to promote modularity.

System and motor controls in the coolling mode are relatlively slmple
compared with those In the heating mode. The approach taken was t+o add to
the heating mode control loglc the simple clrcuitry necessary for operation
in the cooling mode.

The preliminary design of the heat pump in both the heating and coolling
modes of operation has been completed. SubSysfem performance characteristics
were determined, and probliem statements for all heat pump components were
released, These problem statements cover the heating and coollng cases.

The heat pump rated capacities listed below were selected for the appil-

cations shown.
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Heatlng Cooling

Singte~family residence 60 K3TUH 3 tons
Multifamlly residence 600 KBTUH 25 tons
Commercial application 200 KBTUH 10 tons

5.2 SINGLE=-FAMILY RESIDENCE SPACE HEATING AND COOLIKRG SUBSYSTEM 3-TON/
50 KBTUH HEAT PUMP

3.2.1 Subsvystem Arrangemant

Figure 3=1 Is a schematic of the 3-ton/60 KBTUH subsystem. Figure 3=2
1s the same schematic, showing the flow paths of the water and R-11 workling
fluld in the heating and cooiling modes of operation.

The functions of two system heat exchangers are reversed from the heating
to the cooling mode. The heat pump effect heat exchanger always uses the
conditioned space air as a heat exchange fluid, operating as an evaporator in
the cooling mode and as a condenser in the heating mode. The bolier/evaporator
uses water from the thermal energy storage tank as a source of fturbine power
tn the cooling mode and as a heat energy source In the heating mode. The
third heat exchanger is dedicated as a condenser and is used only In the
cooling mode with cooling tower water as a heat sink, This arrangement
isolates the exposed tower water and precludes contamination of the storage
water system,

Four selector valves (three R=11 and one water), actuated from a mode
selector switch within the residence, permit operation in the heating or the
coolIng mode. In the heating mode, operation Is identlcal to that for the
single=family residence heating subsystem. In this mode, the compressor Is
motor-driven at variable speed and the turbine Is inactive. The entire
Rankine power loop Is dlsabled by Interruptlion of the heat input to the boiler

and isolation of fthe cooling tower.
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In the cooling mode of operation, heat energy from the hot water storage

tank is used as the Rankine power !oop heat smsce. A coolling tower serves

as the ultimate heat sink. When therma! energy avallable from the storage tank
is inadequate, the motor integral with the furbomachine is activated. In this
augmented mode of operatlion, turbocompressor speed Is controlled at a constant
value by the motor, but the turbine stlil| suppllies & large portion of the power
to drive the compressor. As the temperature of the water heat source to the
botter drops further to 155°F, the boller is isolated and all power necessary
to drive the compressor ts developed by the electrlic motor.

The only residence contral necessary for operation of the subsystem In
the cooling mode, tn addition to the heating mode sensors and controls, Is
the mode selector switch. fhis switch wltl actuate (1) the mode selector
valve in the hot water supply lines, (2) the refrigerant reversing valve, (3)
the turbine bypass vaive, and (4) the boller feed valve. In addition, ¥he
switch will confrol power to the R-11 pump and the ccoling tower fan and
water pump.

In the cooling mode, the system is essentlally controlled fo the restidence
temperature set polint., The system Is actlivated when the temperature exceeds
1°F above the set polnt and deactivated when the temperature drops 1°F below
the set point.

When the air conditioner 1s activated from the temperature error signal,
the control module witl energize (1) the cooling tower fan and water pump, (2)
the hot water pump, (3) the R-11 pump, (4) the ventilation fan, and (5) the
turbocompressor motor.,

In normal operation, Turbine power is sufficient to drive the compressor;

and the motor will be deactivated when the system has stabi!lzed after the
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starting sequence. As the water temperature from the storage tank drops,
compressor speed Is reduced, resulting In a loss of capacity. |f the water
+emperature continues to drop, the power developed by the turblne wil!

become Inadequate and compressor sirge will result. Surge characteristics
for the compressor are shown in Figure 3-3, which Indicates that outlet
volumetric flow 1s a constant at any point on the surge line. This parameter
was selected to determine when the motor is to be energized to prevent surge.

With the motor on, the turbine continues to provide a significant portion

of the tota! power required to drive the compressor. When the water temperature

decreases to 155°F, the control module closes the power loop and the motor
carries the entire toad. A temperature sensor at the water pump outlet pro-
vides the signal. Power loop shutdown Involves (1) R=11 pump deactivation,
(2) water pump deactivation, and (3) closing the boller feed valve.

System shutdown from the normal operating mode (without motor augmenta-

tion} involves steps exactly the reverse of the starting sequence |isted above.

With The mofor on, system shutdown also Involves deactivating the motor. The

control module then Is reset for operation in the normal mode. Shutdown occurs

when the residence temperature drops 1°F bslow the residence temperature set
point.

3.2.2 Subsystem Performance

Cool ing mode performance is essentially dependent on the outside alr and
the residence wetbulb temperatures. To a lesser degree, the drybufb tempera-
fures also will affect performance.

The system will deiiver a nominal three fons of air conditloning under
the design polnt conditions. These design conditions represent a worst-case

situation (2-1/2 parcent timel}; normally the cooling subsystem will operate
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under much more favorable conditions, particularly with regard to the outside
alr wetbulb temperature.

Figure 3-4 Is a plot of subsystem cosfficlent of performance (COP) and
capacity as a function of heat source water iemperature. COP Is deflned as the
ratlo of the evaporator Ionad (coo!lng effect) to the boliler heat Input. The
data are shown for the residence condltlions noted and for a range of amblent
wetbulb temperatures.

Examination of the data shows a marked Increase In COP and capaclty as the
ambient wetbulb *teinperature drops. The capaclty of the system drops as the
boller inlet water temperature decreases. The minimum capacity of the system
wlthout motor augmentaticn ls about 2.1 tons. |f the capaclity drops below
this value, moitor augmentation wll] be necessary.

Figure 3-3 shows subsystem performance over Its entire range of opera~
tlon: (1) rormal mode with turbine drive only, (2) augmented mode with motor=
asslsted turbine drive, and (3) auxiliary mode with motor drive only. The data
are shown for the design point conditions specifled, and for a range of outside
humidlty operating sltuations on either side of the 78°F wetbulb deslgn conditlon.

Turblne performance In the cooling mode Is presented in Flgure 3~6. The
percentage of energy supplied by the turbine from heat storagse and turbline
efficlency values in the motor augmented mode are shown up to the storage
temperature, which permifts 100 percent turbine power. As the ambient wetbulb
temperature Increases, more heat energy is required to attain the minimum
speed for motor cutout due to Increased compressor horsepower per ton and less
turbline power per pound of flow. In the figure, as the wetbulb increases
from the 78°F design point to an extreme of 83°F, the required storage water

temperature for 100 percent use of heat storage energy Increases from 168°F
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to 178.5°F. Above the range of motor augmentation the turbine efficiency
increases, reaching a maximum of 81 percent.

Figure 3-7 1s.a compressor performance map with an overlay of water
storage temperatures and ambient wetbulb temperatures. A single point on
the compressor map 1s defined for any set of controllling conditions. When the

compressor flowrate drops to a value near the surge iine, the motor Is

energized, returning the compressor Yo the normal operationa! range. Compressor

deélgn has been optimized to provide peak efficiencies in the high outside
woatbulb range and in the entire range of storage water temperature where the
turblne is energlzed (above 155°F),

Subsystem performance is summarized in Table 3-1 for several storage
water temperatures In the range of turbine operatlion. The significant factor
Is electrical COP. With 200°F water, heat energy is used to Increase the
electrical COP to a high value of 8.0. As the water temperature drops, less
energy is available and the COP drops accordingly. When the water temperature
falls beice 155°F, the compressor is motor driven only, and a more typical
COP of 4.2 results.

3.3 COMMERC!AL APPLICATION SPACE HEATING AND COOLING SUBSYSTEM 10-TON/
200 K3TUH HEAT PUMP

3.3.1 Subsystem Arrangement and Control

Figure 3-8 is a schemaiic of the 10-ton/200 KBTUH subsystem. The same
schemat!c 1s used in Figure 3~9 to show flowpaths In the heating and cooling
modes of operatlon. The schematlc arrangement and control of this hardware
are Identical to those of the 3-ton/60 K3TUH unit described previously.

Compressor surge characterlstics for the 10-ton unit are shown In Figure 3-10.
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TABLE 3-1

35-TON COOL ING SUBSYSTEM PERFORMANCE SUMMARY

AMBI1ENT TEMPERATURE: 95°F Drybulb, 78°F Wetbulb
RESIDENCE TEMPERATURE: 78°F Drybulb, 67°F Wetbulb

Water temperature at boller Inlet 200°F 170°F 160°F 150°F
Operating mode Turbine| Turbine | Motor Motor
) Drive Drive Augmented | Drive
Capacity, tons 3.1 2,3 3.7 3.17
Thermal COP = Evaporator Load 0.55 0.58 1.10 -

Boller Heat input

Electrical COP = Evaporator Load 8.0 6.0 4,5 . 4,2
Total Electrical Power Input

3.3.2 Subsysiem Performance

The system is a nominal 10-ton rated alr condltloner at the design point
conditions. These design conditions represent a worst-case situation (2-1/2
percent time). WNormally the cocling subsystem will operates under much more
favorable conditions, particulariy with regard to the oufside wetbulb fTemperature.

Figure 3-11 is a plot of subsystem COP and capaclty as a function of heat
source water temperature. COP Is defined as the ratlo of ‘the svaporator load
(cooling effect) to the beiler heat Input. The data are shown for the
resldence condltions noted and for a range of ambient wetbulb temperatures.

Examination of the data shows a marked Increase In COP and capaclty as
the amblient wetbulb temperature drops. The capaclty of the system drops as the
boller inlet water temperature decreases. The minimum capacity of the system
without motor augmentation 1s about 6.2 fons. |f the capacity drops below

this value, motor augmentation witl be necessary.
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Figure 3-12 shows subsystem performance over I+s entire range of opera-
tlon: (1) normal mode with furbine drive only, (2) augmented mode with motor—
assisted turbine drive, and (3) aux!liary mode with motor drive only., The
data are shown for the design point conditlons speciflied, and for off-deslign
operating situatlons (inciuding a very humld ciimate condition).

Turblne performance In the coolling mode Is presenfted in Figure 3-13. The
percentage of energy supplled by the turbine from heat storage and turbine
efflciency values In the motor augmented mode are shown up to the storage
temperature, which permits 100 percent turbine power. As the ambient wetbulb
temperature increasss, more heat energy Is required to attaln the minimum speed
for motor cutout due to Increased compressor horsepower per ton and less turbine
power per pound of flow. In the flgure, as the wetbulb increases from the 78°F
design paint to an extreme of 83°F, the requlred storage water temperature for
100 percent use of heat storage energy Increases from 168°F to 185°F. Above
the range of motor augmentation, the turbine efflciency Increases, reaching a
maximum of 81 percent.

Figure 3-14 is a compressor performance map with an overlay of wé?er
storage temperature and ambient wetbulb temperature. A single point on the
compressor map is defined for any set of controlling conditions. When the
compressor flowrafte drops to a value near the surge !ine, the motor Is
energized, returning the compressor to the normal operational range. Compressor
design has been optimized to provide peak efficiencies in the high outside
watbulb range and in the entlre range of storage water temperature where the
turbine Is energized (above 155°F),

Subsystem performance is summarized in Table 3-2 for several storage

water temperatures in the range of turbine operation. The significant factor

-
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RES IDENCE TEMPERATURE: 78°F DRYBULB, 67°F WETBULB
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is electrical COP. With 200°F water, heat energy Is used to increase the
glectrical COP to a high value of 8.2. As the water temperature drops, less
energy is available, and the COP drops accordingly. When the water temperature
falls below 155°F, the compressor is motor driven only and a more typical COP
of 3.9 results.

TABLE 3-2

10-10ON COOLING SUBSYSTEM PERFORMANCE SUMMARY

OUTSIDE TEMPERATURE: 95°F Drybulb, 78°F wWetbulb

RESIDENCE TEMPERATURE: 7B°F Drybulb, 67°F Wetbulb

Water temperature at boiler inlet, °F 200 180 160 150

Jperating mode Turbinet Turbinel Motor Motor
Drive Drive Augmented| Drive

Capacity, tons 9.6 8.2 10.5 10.5

Thermal COP = Evaporator load 0.63 0.66 1.21 -
Boller Heat Input

Electrical COP = Evaporator Load 8.2 7.0 4.4 3.9
Total tElectrical Power input

3.4 MULTIFAMILY RES!DENCE SPACE HEATING AND COOLING SUBSYSTEM 25-TON/
600 K3TUH HEAT PUMP

3.4.1 Subsystem Arrangement and Conirols

Figure 3-15 Is a schematlc of the 25-ton/600 K3TUH subsystem. Flgure
3-16 describes the flowpaths for the heating and cooling modes, This sub-
system |s schematically idenfical to the single-famlly residence and commercial
application units, except that a water chlller heat exchanger Is used Instead
of the air to refrigerant evaporator/condenser. A water clrculatlion loop

distributes chilied or heated water +o terminal units located In each resldencs

area,
Emmmmys)] AIESEARCH MANUFACTURING COMPANY 76=13448
a /| OF CALIFORNIA Page 3-23

T



e
Y

ANYJHOD SNIBRLOVINNYN HOYISIYY [Rantawos

R SRl I

VINHOJWD 40

O e e o e W P MR T

vz-¢ ebey
BhYE 1~0L

TO/FROM
STORAGE

IKLPIVOY Y003 %o
ST DV TYNISTNO

Fem—————-

VARIABLE

SPEED
HOTOR

MEDE
SELECTOR

/ VALVE

-
|
I
1
l
|
i
]
|
'
1

e i e o

FLOW SEWSOR

REVERS IHG

TUREDCEGHPRESSOR

VALVE

Fe—m—rm———— ]

Figure 3-15.

L
CORGENSER

PART OF EMERGY TRANSPORT

.,

\
1
!
1
1
t
|
I
i
1
|
[
Ic
|
b
|
}

177 AUX IL LARY
I IRCULAT ING BOILZR
: | PP P2 SUBSYSTEN
[

1
coman, |~ -- GAS SUPPLY
MODULE TTT T T T T T

________ —_—————— ey

R-11
— PUKP

HODE
SET ON-OFF  SELEEYOR
POINT  SWITCH  SWITCH

Q 0 0
R e b T, S

AU ILIARY [j OUTSI0E
S ITCH TEHPERATURE

]|

Multifamily Residence Space Heating
and Cool Ing Subsystem

&Y
1
HEATER/S
COOLER




HEATING MODE

VAR IABLE
$PEED Z
KOTOR “~ L0M SENSOR . pevemstuc
VALVE fon
) \ J]
N b,
\I CONDENSER
|
1 v,
' G
HOZE I
SELECTOR | 1
/.mvz ! j
| .
/ : —
o I FILTER/ ¢ PART OF ENERGY TRANSFURE
! 1 CAYER 1 SUaSYSEEH
Fe——=-. B " ' !
' ' | Aux IL{ARY
::'a:'m ! T ¢ 1€ IRCULAT ING BOILER !
w ! (PP B  SUBSYSTEn !
Tu/ERan H i 1 :
$TORASE 4 ! 1
. o ' GAS SUPFLY '
: [ e e e e o e - - [ U | N 12
N T Trcanirac <
e —m e m e —m - - .- fumTs -
'
' el " REATER? r £ou-0rF
| LOOLER
\
g cownsTronsp THERIOSTAT
FuH? T0/FAOH
HEOE | IS
T ONOFF siticTon ..._...._]f.I:E"
POINT  swyTem  sumeH {entras
| F LI S |
AUK 1 inke 71 t] T
swITen TEMPERATUAL
COOLING MODE = g
[ ;
| ;
=
vARIABLE -
SPEFD 3 -
ROTON o fav LOW SENSOR atvERGING J l .
VALVL e !
= i .
- T iRYOCGAPRE§S0R ” |
I : : \ ,
; T “', CONBENSER
r 1 + 1 1
L. LG ‘ ' ( )
cont RoL : 1
»QDE | N 1
sLaeTen . ) |
< wALYE — 1 I e B
v
/ i H ! TVAPORATOR, a
tt} ! | i T CONDENSER FiLIERs
1 ] ! | S ' DAYVER
eem e D I DR | S A doq !
vAtgR o ' f | : 1| :tls“&““
e b1 ! ' ' . 1 1| |EIREULATING ILER
w ' , . v, PusR SuBS ryTEN
To/iaon H : 1 f [ |
sTutage ‘ ¢ t (S A1
> ' e mm e e Jtawreey | GAS SoprLY 1
L [ & R mpoLl [ " m T T e s e s e m -4 --
L DUN T TR IR S, e —w - - - !
i
vt | =" RLATER] :’D‘”' -ore
[ 1 tOOLER
i I ]
i =t
. : \ onDiTIoNgo |ERAOSIAT
. AR
HoiLFAs - W IL):‘:‘:\;
) yAFOHATIA | HODE TOsFADH
l' SEY OMSOFF  SELECTOR L'_____'lr;:z‘
fass FOIT  swilen  Switiw CENTER
i ]
- Q 0 0
| S, y--bh g--d ,
A e tany 4] ﬁ QuTS 10 ¥
SWITCH TEHPCRATURE .

Figure 3-16. 25~Ton Subsystem Flow Paths In
. Heating and Cooling Modes

AIRESEARCH MANUFACTURING COMPANY
OF CALIFORNIA

76~13448

Page 3-25




Control of the heat pump subsystem dlffers from the 3= and i10-fon systems
In that condltloned water temperature from the heat exchanger 1s monitored and
controlled rather than resldence temperature. The heat pump Is cycled to
maintain a chilled water temperature of 46° to 50°F, Each terminal unit Is
provided with a separate residence sensor and control that maintalns ths
selected conditlons withln that space.

Flgure 3-17 describes the surge characteristlics of the 25-ton turbo-
coﬁpressor. A near-constant 105 cfm at the outlet durlng surge ls indlcated.

3.4,2 Subsystem Performance

Figure 3-18 Is a plot of subsystem COP and capacity as a functlion of
heat source water temperature. COP Is deflned as the ratlo of the evaporator
load (coollng effect) to the boiler heat Input. The data are shown for the
residence condltlons noted and for a range of amblent wetbulb temperatures.

Examination of the data shows a marked Increase in COP and capacliy as the
ambient wetbulb temperature drops. The capaclty of the system drops as the
boller Inlet water temperature decreases. The minimum capaclty of the system
wlthout motor augmentation ts about 19,5 tons. |f the capaclty drops below
this value, motor augmentation wlll be necessary.

Flgure 3-19 shows subsystem performance over 1+s entire range of opera-
tlon: (1) normal mode with turbine drive only, (2) augmented mode with motor=-
assisted furbine drive, and (3) auxillary mode with motor drive only, The data
are shown for the design point conditlons speciflied, and for off-deslgn
operating sltuations (lncluding a very humid climate condition).

Turblne performance In the cocling mode is presented In Figure 3-20, The
percentage of energy suppllied by the turbine from heat storage and turbine

efficlency values In the motor augmsnted mode are shown up 1o the storage

@ AIRESEARCH MANUFACTURING COMPANY 76-13448
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RESIDENCE TEMPERATURE: 78°F DRYBULB, 67°F WETBULB
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temperature, which permits 100 percent turbine power. As the ambient wetbulb
temperature Increases, more heat energy Is required to attaln the miminum
speed for motor cutout due o Increased compressor horsepower per ton and less
turbine power per pound of flow. In the flgure, as the wetbulb Increases

from the 78°F design polnt To an exireme of 83°F, the required storage water
temperature for 100 percent use of heat storage energy Increases from 182°F to
192°F, Above the range of motor augmentation the turbine efficlency increases.
reéchlng a maxImum of 81 percent.

Figure 3-21 is a compressor performance map with an overlay of water
storage temperature and amblent wetbulb temperature. A single point on the
compressor map |s deflned for any set of controlling conditions. When ?he
compressor flowrate drops to a value near the surge |lne, the motor Is
energized, returning +the compressor to the normal operational range. Compressor
design has been optimlzed to provide peak efficiencles in the high outside
wetbulb range and In the entire range of storage water temperature where the
turbine Is energlzed (above 155°F),

Subsystem performance Is summarized in Tabie 3-3 for several storage
water temperatures in the range of turbine operation. The significant factor
is electrical COP. With 200°F water, heat energy is used to Increase the
electrical COP to a_hlgh value of 7.9, As Thg water temperature drohs, less
energy is avallable and +he COP drops accordingly. When the water temperature
falls below 155°F, the compﬁessor is motor driven only, and a more typlcal
COP of 4.3 resulis.

3.5 DESIGN POINT PERFORMANCE
Design point performance In the cool ing mode for the 3=, 10=-;, and 25-ton

systems is shown In Flgures 3-22, 3-23, and 3-24, respectively.
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TABLE 3=3

25-TON COOL ING SUBSYSTEM PERFORMANCE SUMMARY

" AMBIENT TEMPERATURE:

RESIDENCE TEMPERATURE:

95°F Drybulb, 78°F Wetbulb

78°F Drybulb, 67°F Wetbulb

e e e T L M e L tmad Vhanmme e T PR Lo

e ek e R

Water temperature at boiler Inlet 200%F 175°F "150°F
Operatling mode Turbine | Motor Motor

. Drive Augmented { Drive
Capacity, tons 24.6 27.5 27.5
Therma! COP = Evaporator Load 0.72 1.13 -

Boiler Heat input
Electrical COP = Evaporator Load 7.9 5.5 4.3
Total Electrical Power [nput ‘
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4. TURBOMACHINE/MOTOR DETAIL DESIGN

4.1 GENERAL

This section presents the results of the design effort expended to date

on the heat pump turbomachlnes and motors. The baslic design of all units Is

similar; similarity wil! minimlze assembly too!llng and procedures,

Detall design efforts have been expended In the following major areas

for all machlnes.
e Motor
Magnet cyllnder
Position/speed sensor
Stator connector
® Compressor and d!ffuser
© Turbine and nozzle
ORIGINAL I'AGE 1S
® Rotor assembly OE EOOR QUALITY,
Bearings
Critical speeds
Seals
] Cooling and lubricant flow

The layout drawings presented reflect current deslgn status.

4,2 SINGLE-FAMILY RESIDENCE UNIT (3-TON/6Q KBTUH)

4.2.1

Description

The layout of this machlne is shown In Drawing'SK71622, Reév. 13 a layout

of the

s
N

motor Is shown In Drawing L-208679.
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The major element of the machine is the rotating assembly, which

comprises the permanent magnet (PM) motor rotor, the compressor wheel, the
thrust bearing disk, iwo Journal bearings, two retalining rings for balancing,
the speed and positlon sensing disk, and the turbine wheel. A solid shaft
made from Inconel 718 extends the full length of the rotating assembiy.

The center section of the shaft confains the motor rotor, which is shown

In Drawlng 1.-2085679. The complete assembly is clamped together wl+h some
Individual componenis brazed or shrunk onto the shaft. Nuts on either end
of the shaft lock the total assembly together.

The center housing Is made of aluminum and contains the motor stator.
The compressor scroll and turblne forus are aluminum; they bolt to the center
housing. Sandwiched between torus, scroll, and cehfer housIngs are the
turbine nozzle assembly, the compressor diffuser assembly, and the labyrinth
seals 1o prevent leakage around the wheeis. Shims are provided at both ends
of the machline for proper positloning of the nozzle and diffuser assembllies
In relation to the rotating assembly, O-rling seals are provided to prevent
any external leakage. Because of the small mass of the rotating assembly,
no speclal provislion [s Included In the design for containment.

The speed/position sensing ring ts located near the turbine end of the
unit and surrounds a slotted ferrite rotating disk. The sensing ring con-
slsts of two Hall effect sensors, whlch are located 180 deg apart around
the ring. As the disk rotates, signals are generated In the Hall effect
sensors and fed to the control system for proper motor control. Self-acting
foll segment jJournal and thrust bearings are contained in the housing and are

held in position by rings and pins respectively.

-
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A small flow of liquid refrigerant for motor and bearing cooling Is

metered to the center housing. The refrigerant is bled Into the motor cavity

from the condenser outlet and is returned ‘o the evaporator inlet as a super-
heated vapor. A thermal expansion valve controls the coolling flow to thy
motor cavity. The pressure In the cavity Is maintalned slightly above
compressor inlet pressure.

The construction and asseﬁbly of the heating-only macnine are identlcal
to those of the heating/coolling unit, except that the turbine wheel Is

replaced with an equlvalent welght disk and the torus and nozzle assemb ly

are replaced with a close-off plate.

4.2,2 Design Analysis

All detall design analyses for thls unlt were based on the problem

statement of Table 4-1. The results of the detalled analyses show the

following:

(a) The critical speed of this unit Is In excess of 150,000 rpm with

a maximum operating speed of approximately 82,000 rpm.

(b) The unit rotor stresses and whee! stresses at 20 percent overspeed

are wel! below the design limlts for the materlals used.
{¢} The bearing loads, Including magnetic unbalance and motor coggling,
are well below the Iimits demonstrated in the !aboratory on bearings

identical to those used In this machline.

(d) The maxImum temperature expected In the unit Is less than 200°F,

which Is wel! below any design temperature |imitations. The critlcal

parts from a temperature standpolnt are the magnets and the Hall

effect sensors; thelr Limitations are 300°F.

AIRESEARCH MANUFACTURING COMPANY
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TABLE 4-1

3-TON TURBOCOMPRESSOR

Cooling Made Heating Mode
Compressor
Fluld type R=11 R-11
Inlet pressure, psia 8.6 9.04
Inlet temperature, °F 35 51.2
Inlet H, Btu/lb 99 .31 98.79
Qutlet pressure, psia 21.78 35.59
Outlet H, Actval, Btu/lb 109.05 115,10
AH adiabatic, Btu/lb 7.01 10.93
AH actual, Btu/lb 9.74 16.31
Volume flow, inlet, cfs 0.55 0.86
Weight flow, [b/sec 0.122 0.20
Speed, rpm 60,000{constant} 82,000
Theoretical efficiency, percent 72 67
Power at wheel, kw 1.25 3.42
Turblne
Inliet pressure, psia 86 NA
Inlet temperature, °F 190
intet H, Btu/lb 115,38
Outiet pressure, psia 21,78
Outlet H, Btu/lb 106.64
AH adiabatic, Btu/lb 10.93
At actual, Bfu/lb 8.74
Yolume flow, inlet, cfs 0.3833
Waight tlow, Infet, Ib/sec 0.150
Speed, rpm 60,000(constant)
Theoretical efficiency, percent 80
Power at wheal, kw 1.316
Motar
Max imum spaed, rpm 60,000(constant} 82,600
Mirimum speed, rpm NA 36,500
Power at maximum speed, kw 1.4% 3.424%
Power at minimum cpeed, kw 1.4% NA
Growth potential, power, percent NA 20
Growth potential, speed, percent 10 10
Max imum overspeed, rpm NA 90,860
Pressure, cavity, psia 9.6 9.6
Temperature, cavity, °F 100 150
Viscosity, u, Reynalds 1.64 x 1072 1.75 x 10-9
Motor efficlency, percent NA 91.18
Bearings/lubricant, types Foil/R-11/vapor Foll/R-11/vapor
Cooling flow, I1b/sec (approx) 0.0024 0.0063
Type motor PM Samca PM Samco
No~load power 18D NA
Maximum design specd, rpm NA 100,000
General
Deslign |lfe, yr 20 20
tNo. of starts, lifetime 60,000 60,000
Service hours, |ifetime 75,000 50,000
Type control on/off Modulatling

% Power delivered to the compressor assuming 5 percent mechanical (osses,

#2 Power delivered to the compressor assuming no mechanical losses.
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4.2.3 Performance

Estimated motor performance Is presented In Table 4-2. The aerodynamic

. performance of the compressor and turbine Is shown In Figures 4-1 through 4-3.
These data are presented here for completeness.

4.2.4 Design Status

Ail detailed drawings have been completed and released. All parts are on
order or being fabricated, and assembly of the first unit Is scheduled for
February 1977. |
4.3 MULTIFAMILY RESIDENCE UNIT (25-TON/600 KBTUH)

4.3.1 Description

The layout of this machine is shown In Drawing SK71624, and a Iayqyf»of
the motor Is presented in Drawing L-208688. The arrangement of this unit is
essentlally the sams as that of the 3-ton/60 KBTUH machine.

4,3,2 Design Analysis

All detail design analyses for This unit were based on the problem
statement shown In Table 4~3,

The results of the deta!ied analyses show that the critical speed is
approximately 60,000 rpm, and the maximum operating speed of the machine Is
41,000 rpm. All other criteria--stress, bearing loads, and thermal character-
istics-—are wall within the allowable design limits. The internal temperature
profile is essentlally the same as for the 3=ton unit.

4.3.3 Performance |
The performance of the motor is shown In Table 4-4, and the aerodynamic

performance of the compressor and turbine are shown in Flgureé 4-4 through

4-5.
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TABLE 4-2

COMPRESSOR MOTOR CHARACTERISTICS,
3-TON/60 KBTUH HEAT PUMP

: |
3 Parameter Units R
% Rpm ) 82,600 .

. Kw (shaft) 4,22 e

R Kva (input) 4.80 2

L Pf (lagging) 0.95

- Poles, no. 4.0
Phases 3.0
Frequency, Hz 2753
Tip speed, ft/sec 392
Stator current denslty, amp/sq in. 12,000
. Slots, no. 12
Pole embrace 0.58
? Stator material 0.007=in. Trancor-T
Magnet material Samar fum cobalt
Dimensions, in.
Rotor dia 1.076
Rotor length 1.953
Stack ID 1.096
Stack 0D 2.660
Stack length 1.953
’ tEnd turn extension C.49
5 Total stator length 2.933
Sliot helght 0.363
Tooth width 0.174
i Siot opening 0.072
{ Weight, Ib
i Stator 2.048
i Rotor 0.464
! Total welght ' 2.512
i Losses, w :
% Windage 45
Copper . 132
: Stray and pole head 45
Stator teeth . . 130
i Stator core 71.5
. Efflciency .92 i
’ No-load voltage, per unlt 1.20 _ v,
Impedance- data, per unlt 2
Synchronous reactances 0.383
: Commutation reactance 0.383
. Stator resistance (hot) 0.110
i Stator leakage reactance (XL) 0.287

- AIRESEARGH MANUFACTURING COMPANY 76-13448
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TABLE 4-3

25-TON  TURBOCOMPRESSOR

Cooling Mode Heating Mode
Compressor
Fluid type R=-11 R-11
Inlet pressure, psia 7.50 8.27
Inlet temperature, °F 45 47.2
Inlet H, Btu/lb 98.01 98.28
Qutlet pressure, psia 21.65 34.92
Outlet H, actual, Btu/lb 107.82 117.01
AH adiabatic, Btu/lb 8.02 11.05
AH actual, Btu/lb 9.81 18.73
Volume flow, inlet, cfs 5.67 9.03
Weight flow, Ib/sec | 1.93
Speed, rpm 30,000(constant) 41,000
Theoretical efficiency, percent 81.8 59
Power at wheel, kw 11.38 38.0
Inlet pressure, psia 85.5 NA
Inlet temperature, °F 190
Inlet H, Btu/lb 115.4
Qutlet pressure, psia 21.65
Qutlet H, Btu/lb 106.14
AH adiabatic, Btu/lb 10.94
AH actual, Btu/lb 9.26
Volume tlow, inlet, cts 2,35
weight flow, inlet, Ib/sec 1.326
Speed, rpm 30,000(constant)
Theoretical efficiency, percent 84.7
Power at wheel ,kw 12.08
Motor
Maximum speed, rpm 30,000(constant) 41,000
Minimum speed, rpm NA 18,500
Power at maximum speed, kw 14 ,.5% 38.0%n
Power at minimum speed, kw 14,5% NA
Growth potential, power, percent NA 20
Growth potential, speed, percent 10 10
Max imum overspecd, rpm NA 45,100
Pressure, cavity, psia 9.5 9.5
Temperature, cavity, °F 100 150
Viscosity, o, Reynolds 1.64 x 10-9 1.75 x 10-9
Motor, efficiency, percent NA 92,91
Bearings/lubricant, types Foil/R=11/vapor Foil/R-11/vapor
Type motor PM Samco PM Samco
No-load power TBD NA
Maximum design speed, rpm NA 50,000
veneral
Design life, yr 15 19
No. of starts, lifetime 60,000 60,000
Service hours, litetime 75,000 50,000
lype control on/oft Modulatinag

* Power delivered to the compressor assuming 5 percent mechanical losses.

"# Power delivered to the compressor assuming no mechanical

AIRESEARCH MANUFACTURING COMPANY
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TABLE 4-4

COMPRESSOR MOTOR CHARACTERISTICS,
25-TON/600 KBTUH HEAT PUMP

Parameter Units
Rpm 41,000
Kw (shaft) 44.68
Kva (input) 54,55
Pf (lagging) 0.819
Poles, no. 4
Phases 3
Frequency, Hz 1367
Tip speed, ft/sec 474.4
Stator current density, amp/sq In. 12,000
Siots, no. 24
Pole embrace - 0.728
Stator material 0.007=1n. Trancor=-T
Magnet material Samar fum cobalt
Dimensions, In.
Rotor dia 2,501
Rotor length 5.951
Stack ID 2.521
Stack 0D 5.156
Stack length 5.951
End turn extnesion 1.075
Total stator length 8.101
Siot helght 0.41
Tooth width 0.178
Slot opening 0.082
Weight, Ib
Stator 21.97
Rotor 7.47
Total weight 29.44
Losses, w
Windage 543
Copper 775
Stray and pole head 447
Stator teeth 473
Stator core 653
Efficiency 0.947
MNo-load voltage, per unit 1.20
Impedance data, per unit
Synchronous reactances 0.29
Commutation reactance 0.29
Stator resistance (hot) 0.0636
Stator leakage reactance (XL) 0.153
Q,
% Ly,
Ve,
@
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4,3.4 Design Status

Detail drawings are approximately 50 percent complete; release of all
drawings is scheduied for the first week In December.
4,4 COMMERCIAL UNIT (10-TON/200 KBTUH)

The layout of this machine Is shown In Drawing SK71623. The detailed
analyses of this unlt are based on the problem statement shown In Table 4-5.

. The detalled =+ress, bearing, and thermal analyses have not been

comp leted, but no problems are anticlpated.

The performance of the motor Is shown in Table 4-6, and the aerodynamic
performance of the compressor and turbine Is shown In Figures 4-7 through 4-9,

Detalled deslign analyses have been Inltiated. Scheduled completion of all

detalled drawings Is late December.
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TABLE 4~-5

19=-TON TURBOCOMPRESSOR

Cool ing Mode Heating Mode P

Compressar g
Fluid type R-11 R=11 e
Inlet pressure, psia 8.04 8.74 "

. Iniet temperature, °F 50.80 58.0 -
Inlet H, Btu/lb 98.57 99,7 i
Outlet pressure, psla 22.40 31.8 ¥
Outlet H, actual, Btu/lb 108.57 114.00 o
&H adiabattc, Btu/Ib 7.8 10.20 -
AH actual, Btu/ib 10.0 15.0 N
Volume flow, inlet, cfs 2.19 2.93 ??i
Weight flow, Ib/sec 0,453 0.657
Speed, rpm 45,430{constant} | 57,440 j
Theoretical efficiency, percent 78 68 i
Pawer at wheel, kw 4.76 10.4 :2

Turbine *
Inlet pressure, psia 85.¢ HA
inlet temperature, °F 190.0 :
Inlet H, Bfu/lb 115.3
Qutlet pressure, psla 22.0
Qutlet H, 8tu/lb 104.7
AH adiabatic, Btu/lb 10.7
AH actual, Btu/lb B.56
Yolume flow, inlet, cfs 3.1
Weight flow, inlet, Ib/sec 0,595
Speed, rpm 45,430
Theoraetical efficlency, petcent ¢.80
Power at wheel, kw 4.90

Motor
Max imum speed, rpm 47,500(constant) 37,440
Minimum speed, rpm NA ¢ 27,500
FPower at maximum speed, kw 5.5% 10, ,4%%
Power at minimum speed, kw 5.5% NA :
Growth potential, power, percent NA 20 B
Growth potential, speed, percent 10 10 -
Haximum overspeed, rpm NA 63,140 B
Pressure, cavity, psla 9.6 9.6 i
Viscosity, |, Reynalds 1.64 x 10-3 1.75 x 10-9 i
Temperature, cavity, °F 100 150 %
Motor efficiency, percent NA 90 ;
Bearings/fubricant, types Fol 1 /R~11/vapor Foil/R-11/vapor B
Ccoling flow, !b/sec (approx) 0.0022 0.0060 by
Type motor PM Samco PM Samco ;
No-!oad power 18D NA =

- Maximum design speed, rpm NA 69,500 }
Generaf
. Design life, yr 20 20

No. of starts, lifetime 60,000 60,000
Service hours, lifetime 75,000 50,000
Type control on/off Modulating

BE e T

et e ot St A e e A o oD

* Power dellvered #c the compressor assuming 5 percent mechanical losses.

% Powar delivered to the compressor assuming no mechanical losses,

AIRESEARCH MANUFACTURING COMPANY ORIGINAT] PAGH I'ﬂ_ 76-13448
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TABLE 4-6

COMPRESSOR MOTOR CHARACTERISTICS,

10=-TON/200 KBTUH HEAT PUMP

B

Parametfer Units
Rpm 57,440
Kw (shaft) 15,2
Kva (Input) 19.3
Pf (iagging) 0.786
Poles, no. 4
Phases 3
Frequency, Hz 1915
Tip speed, ft/sec 487
Stator current density, amp/sq In. 12,000
Slots, no. 24
Pole embrace 0.62

Stator material
Magnet material
Dimensions, in.
Rotor diameter
Rotor length
Stack ID
Stack 0D
Stack length
End turn extenslon
Total stator tength
Slot height
Tooth width
Slot opening
Welght, Ib
Stator
Rotor
Total welght
Losses, w
Windage
Copper
Stray and pole head
Stator teeth
Stator core
Efficiency
No-ioad voltage, per unit
impedance data, per unit
Synchronous reactances
Commutation reactance
Stator resistance (hot)
Stator leakage reactance (XL)

0.007-in. Trancor-T
Samarium cobalt

1.864
3.488
1.884
3.729
3.488
0.85
5.188
0.361
0.1295
0.062

6.48
2.45
8.93

361
355
152
301
295
0.928
1.2

0.27
0.27
0.018
0.173

AIRESEARCH MANUFACIURING COMPANY

QF CALIFORNIA

76-13448
Page 4~22

s g S R TR AL 2 R AT AT S TS

E |

Worer ™



&

ADIABATIC HEAD

10-TON SYSTEM

50 60 70 8o 90 100 10 120 130 140 150 160 170 180 190

Figure 4-7. Compressor Map (10-Ton Unlit)
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Figure 4-9. Turbine Flow Coefflclents

AIRESEARCH MANUFACTURING COMPANY

OF CALIFORNIA

5-8468

(10-Ton Unit)

76-13448
Paga 4-25

it Ar 3 O G GRLAE AT L Wk o ok




5. MOTOR CONTROL o

5.1 GENEPAL L;

Design activities involved selection of an approach for (1) control

mechanization of the three sizes of machlnes and (2) clrcult design for the
3~ton/60 KBTUH and 25-ton/200 KBTUH machlnes. :
5.2 CONCEPT SELECTION 2
Two system concepts have been studied In detall: (1) SCR system, and :f
(2) transistor system. ‘ lé
The development of the two motor control! techniques, SCR for high power

and transistors for low power, is now in the breadboard stage. Conceptual

desligns ior both motor controls are complete, and the detall clircuit design
is under way. As the motor deslgns evolve, trades between SCR and translstor
drive technlques become more ciear. Studies of the optimum number of poies
for the motor required conslideration of both fh; Inverter switching frequency
and the mechanical stresses in the machine rotor. A trade of SCR vs |
transistors for motor controls is glven in Table 5-1.
5.3 25-TON MOTOR CONTROL

The 25-ton machine Is controlied by a |lne commutated inverter driven 1y
a 3-phase phase delay rectifler (PDR) (Flgure 5=1).

The POR rectifles the 3-phase power from Thg utlilty and delivers the
resulting dc current to the dc link. By adjusting the firing angle of the
sillcon controlled rectifiers (SCR's), it is possible to vary the current

In the dc |ink from zero to maximum current.

m MRESEARCH MANUFACTURING COMPANY : 76-13448
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TABLE 5-1

TRANSISTOR tHJERTER VS LINE COMMUTATED SCR INVERTER

| tem

Transistor Inverter

SCR inverter

Comments

Jdunction temperature

Switching losses and
turncff time

200°C

Low=--approximately
1 usec

125°C

High--15 to
30 usec

Could affect size of heat
sink.

The SCR long turnoff time
also contributes signifi-

cantly to the motor control
power factor.

ANVAWOD DNIBNLOYANNYN HOUYISIHIY

YINUODITYD JO

Power hand!ing cagabiiity | Low=30 kw range High Transistors may be raralleled

for extra current capablility.

450 v 1300 v

Voltage Transistors can be cascaded

to achleve more voltage
capabillity.
Current galn Low

High Transistor Inverter reguires

continuous base drlive.

OO

KTV
1 @Ovd VLD

Power factor Close to unity Less than unity | Machine power factor

depends on synch reactance

+ devica switching time (Tp)
- effect of Ty increases with

spesad.

YD Wcod 90

Compensation for Yes Yes Snubbers and chokes
di and dv required for both; this
dt dt

consumes power.

Z-g obey
BYPEL-9L

IE TSP SRPERE




MOTOR

SPEED COMMAND

rigure 5-1.

(

> DC LINK
(o= ]
~ 3 PDR vy |NVERTER
Oow
- ~
2| g !
o 44
a COMMUTATOR
(¥3]
a.
v

IMOTOR SPEED

SCR Control Block Diagram

5-10931

The dc link choke is designed to provide a current source for the 1lne

commutated Inverter. The inverter provides the r=cessary current fo the motor

windings and is synchronized by the siectronic commutator.

A motor speed lcop

is closed around the contrui, and a change in required speed results in a

change in the PDR firing angle; this In turn changes the dc link current and

hence the motor speed.

5.3.1 Efficlency

The losses in the system are contributed by the following.

PDR~--SCR forward voltage; SCR switching losses; SCR snubbers

Dc |ink=~Choke I2R |osses

Inverter--SCR forward voltage drop; swlitching losses; SCR snubber losses

-
m AMESEARCH MANUFACTURING COMPANY
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The total losses are expected to be on the order of 5 percent of 60 kw;

f.e., 3 kw at 60 kwg.

5.3.2 Thermal Design

The unit will be designed to reject 3 kw. A trade of |iquid cooling vs
forced alr vs convection cooling has been performed, and liquid cooling was
rejected due to Its cost and compliexity, especlally since 1t also required
delonlzed water for cooling. The forced—-air cooling was rejected due to the
inéreased cost of fans and from a rellabillty standpoint.

5.3.3 Size

The size of the unlt Is governed by the amount of heat sink required
and by the dc |Ink choke. Preliminary sizing shows that the package will be
approximately 3.5 ft x 1.5 f+ x 1.5 ft. About half of this voiume will be
required by the PDR, inverter SCR's, and heat sinks.

The choke has been designed to handle 10 percent ripple current at full
foad; the deveiopment unit weighs approximately 300 Ib. A study Is under way
to determine the effects on the dcsign if this choke Is reduced In size.

5.3.4 SCR Control Clrcuit Description {See Figures 5-2 and 5~3)

The current supplied by the POR Is sensed by a Hail device and conditioned.
The conditlioned current signal is compared to a current waveform, and a current
error signal is generated. The error signal is compared to a cosine ramp

waveform, and the output of this comparator Is used to furn on solid-state
switches that drive the SCR gates.

5.3.4.1 Ramp Generators

The dc output voitage of a PDR is proportionai to the cosine of the
firing angle. Thus, if a cosine ramp ls used in the generation of the firing

angle, the output voltage becomes a !inear function of the firing angle.

95.
R “-ibi.b
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| _-! » CARRIER
‘ POWER — START .
| - SUPPLY |—=+15VvDC| COMMUTATOR
— .15 VDC l POWER
l POWER SUPPLY, CARRIER AND START
L. COMMUTATOR POWER
e | ous | .
" SCR CURRENT PDR
8 P BRIDGE e FILTER }# INVERTER
c + > 3¢ CHOKE | CURRENT
208 V
RMS INVERTER
go . CURRENT
RETURN
BR'DGE, CONDITIONER
RELTIFIER AND
AND LIMITING OVERCURRENT
INTEGRATING RESISTOR DETECTION
NETWORK
AND FAMP f ?
GENERATORS
| ISOLATION
TRANSFORMER |
AND SOLID 'CCN‘"'ER
STATE SWITCH
' | 1 OF 6 LINES l
' 10F 6
L CIRCUITS SCR GATE DRIVE
GATE o & —»TO SHUTDOWN
FIRING |
LOGIC - —
+ $-9030
GAIN AND LOOP
COMMAND COMPENSATION
Figure 5-2. Phase Delay Rectiflier
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Fer a 3-phase PDR this cosine ramp Is a cosine waveform whose maximum

R e

occurs at the Intersection of the positive half-cycles of two of the phases.
The ramp can then be used to generate the firing pulse for the + SCR connected

to the more positive of the two phases. ;%

5.3.4.2 Start Commutator

~% . Below 10 percent speed, the back EMF Is not adequate for SCR commatation.

An auxl|lary commutation scheme Is therefore needed to provide the required

P 3

voffage for commutatlon.
This volitage s generated by charging a large capacifor, which Is isolated
by a solid-state switch from the Inverter supply current. When commutatlion is

required, the solld-state switch Is turned on and the capacitor, which has .

previously been charged to a polarity opposite thet required to drive the

motor, is connected across the motor supply. The charge on this capacitor Is

adequate to enable It to absorb the PDR output current and reverse the polarity

i br < ae

of the Inverter supply, thereby causing SCR commutation. .4

5.3.4.3 Power Supply and Carrier

The power supply employs conventional series regulator circultry. The
input ac voltage is transformed to #17 v min. The resulting dc voltage Is
series regulated down to #14 vdc. Thls voltage Is used to provide power for

the control circuitry. The carrler generator is an ac square wave inverter

-
EN

o

circult, which Is used to transiate the SCR gate drive from system ground vo
the SCR cathode reference. Transformers are used to isolate the SCR gates
from each other. Thus, the same carrler is used for flring all SCR's (PDR

and inverter). 1

ORIGINAL! PAGE IS
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5.3.4.4 Gate Firing Logic

Comp lementary metal oxide semiconductor (CMOS) integrated «!rcuits have
been employed in the gate firing loglc circultry because of the low cost, low
power dissipation, and high nolse }mmunlfy. The CMOS clrcuitry wiil be
supplled with 7.5 v series regutated from the +14 v supply.
5.3.4.5 Circult Design

Figures 5-4 through 5-13 give details of completed circult designs for
the SCR control (600 K3TUH heat pump compressor motor). The following circults
are shown:

(a) Power supply and carrler generator (Figure 5-4)

{b) Three=-phase PDR ramp generator (Figure 5-5)

{c) Inverter integrating network (Figure 5-6)

(d} POR/inverter gate logic (Figure 5~7)

(e) SCR gate drive (Figure 5-8)

(f) Back EMF conditioner (Figure 5=9)

(g) Inverter bridge (Figure 5-10)

(h) Auxillary commutator (Figure 5~11)

(1) Three-phase PDR (Figure 5-12)

{j} Inverter ramp generator (Figure 5-13)

5.4 3-TON MOTOR CONTROL
5.4.1 General

The transistor system consists of a rectifler, which produces dc, followed
by a translstor inverter. The inverter provides commutation for the motor and
also controls the current by pulse width modulating one of the palr of inverter

swltches that Is on at any one time (see block dlagram of Figure 5-14).
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Figure 5-14. Transistor Contro! Slock Diagram

Sal lent features of the transistor system are listed below.
® Motor current [s conditioned twice--rectifier and inverter
. Motor current is controliled by puise width modulation of tha inverter
° Transistors are used for swltches
* Rotor position sensor Is required for starting
. Motor back EMF could be used for position sensor once motor is up

te speed
. There are possible advantages to using back EM® for motor torque countrol

® Transistors require simplier drive circuitry

9

¥v)| AIRESEARCH MANUFACTURINTG: COMPANY 76-13448
- 0f CALIFGRNIA Page 5-19

N




] High power transistors are not available In commerclai quantities today

at acceptable prices; they could be avallable in 1986 if there is a
large enough market
] Rotor position sensor may have to work at high speeds

5.4,2 Circult Description

The 3~ton motor controllier employs transistors for the Inverter switches
and the dc power supply switches as mentioned previously, Flqure 5-15 shows
a simplified diagram of the motor controlier. The moti~ confroller can be
divided into three sections for discussion--the dc power supply sectlon, the
inverter sectlion, and the speed error generator.

The motor requires 23,5 amp driving current at 82,600 rpm and normai
load. More current is required for starting. The motor confroller is desligned
to Iimit the current to 50 amp. The load current is monitored continucusly
to ensurs that the controiler is operated within this [imit.

5.4.2.1 Dc Power Supply

Single-phase 60-cycle ac power is full wave rectified and flltered before
beiny fed into the switching power supply. This switching power supply is a
current regulator using pulse width modulatlion and choke smoothing to supply
the required current. The error signal from the motor speed Is used to
moduiate the puise width to supply the correct current to the motor. A
current sensor wi!l sense the load current to ensure that the supply current
will not exceed 50 amp.
5.4.2.2 [nverter

The Inverter consists of six sets of transistor swltches, a commutzting

puise generator, and a position sensor.
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The transistor switches are designed with four Dariingfon transistors

connected in parallel sharing the base drive. The transistor is Baker clamped

to reduce storage time (Figure 5-16), and hard reverse alas is appiled during

turnoff to further decrease storage time (Fligure 5-17). This al lows each of

the four transistors to share the current equaiiy durlng the turnoff period.
The switches are controlled by the commutating pulse generator through

a photo=-isolator. This reduces the possibllity of false triggering induced

by’power supply and ground nolse,

5.4.2.3 Speed Error Generator

A motor speed signal Is generated by converting the pulse output from
the position sensor into a voltage ievel (frequency to voltage converslon},
Motor speed signals are continuousiy compared with the motor speed command
signal. The difference Is processed, and a control signal Is generated and
sent fo the current regulator. The magnitude of the control signal Is a

function of the motor speed, load condition, and magnitude of the error.
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6. SYSTEM CONTROL. -

- &.1 GENERAL
The cohtrol scheme for the-heat pumps was described in Section 3. The -

control module function is to gather Information from the system sensors,

pnécess this Information, and Issue appropriate. commands fb'regulaté-fhe.-
fiow of heat into the conditlioned space to achisve the deSlred'haaflng and
cool Ing effects with the minimum expense of u+lii+y.powar. :Flgure 6-1 is |
the contro! module functional diagram. | )
5.2 CONTROL MODULE MECHAN!ZATION SR e -
6.2.1 Heating Mode | -

The control module block diagram is shown in Flguré 6-2, T}{IS'fhe

controiled variable that sums up the heating effect coming from the heat :

pump. Tgprog Is the basic variable that computes the demand of heat to

satisfy the desired temperature set point Tg. The temperature of water, Tw,

in the storage tank acts as a safeguard in the heat pump operation to prevent
compressor surge. Ty is also a measure of stored energy.
In the event the auxllliary heat is needed, Tyyx 1s used o regulate the

mixing valve outlet temperature to satisfy the heat load. The mlklng vaive
. will add as much water as necessary in the 180° fo 200°F range to bring Ty x
up to satisfy the heat load (required Ty). The basic confrol.!aw s To'allow
the heat pump fo run up to Its maximum capacity before the auxiliary l:lea'l'er Is
brought on-line. Varlous control lockouts, time delays, etc. will be imple~

mented to prevent premature use of the auxiliary heater. The heat pump will
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be given sufficient time to try to satisfy the heat load on its own. As a
consequence, the heat pump will always be running at i+s maximum rpm whenever
the auxiliary heafef Is used. The flow chart detailing this operation is
shown in Figure 6-3,

Necessary Inputs for the system are T¢, Tpy TH' TN' TMIX' TooLr 2nd VTUR'
Based on a set of control laws, these inputs are manipulated and In turn pro-
duce a set of outputs. There are four basic outputs from the control module:
CN;OFF AUX HEATER; ON-OFF SOLAR COLLECTOR PUMP; LINEAR HEAT PUMF RPM; and
LINEAR MIXING VALVE POSITIONING. Additlional outputs are for furning on and
off the various valves in shutdown or secondary contfrols.

The control laws are a set of functions and rules governing the reaction
to inputs. They are determined and executed by a digital microprocessor. The
various rules and algorithms are stored in the memory. By programming the
memory, the reaction of the control module to Input changes and subsequent
output controls Is easily changed. The hardware or Input/output interfacing
wil! have a certaln amount of flexibillity aiready designed Ir, such as extra
monitoring, Input sensing channels, and output control channels. In this
manner, system evolution can be accommodated without expensive hardware
redesign. The block diagram of hardware organization of the control module
Is shown in Fligure 6-4.

Hardware implementation of the digitial microprocessor is as shown
conceptually in Figure 6-4, Varlous temperature measurements are sensed by
inexpensive thermlstors housed In brass bolt assemblles, which are commonly
available. The various thermistors are scanned by the analog input multi-
plexing circuits, and each temperature is converted into an eight-bIt digital

word by the analog=-to-digital (A/D) converter. Controil system constants are

A I’ ARESEARGH MANUFACTURING COMPANY 7613448
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made adjustable with digital switches. These switches are scanned by the
microprocesscr under program control. The CPU will executs Instructlons

stored In The electrically programmable read-on!y memory (EPROM), and temporary
scratch pad memory [s provided by the read-write memory (RWM). After the necessary
manipulation of data is completed, the CPU transmits the desired control signals
to the outside world through the input/output (1/0) ports. In the case of motor
rpm control, a digitai-to-analog (D/A) converter Is used. The mixIng valve will
have an Incremental |ight intensity coupling with photocoupiers. Other discrete
on-off controls are compatible with direct digital bus interfacing.

The control module will be partitioned into two separate units. The
analog input multiplexing, motor rpm control, mixing valve interfacing, discrete
on-off controls, and power supply wll! be located with the heat pump paékage.
The CPU, memory, |/0 ports, and system clock wlli be located apart from the
heat pump package in the residence or conditioned space, where ambient temper-
ature range is moderate. This partitioning is compatible with sensor wiring
and effects a cost saving on microprocessor components by el Iminating the
need for extended temperature parts.

6.2.2 Cooling Mode

An addifional flowrate sensor is needed to safeguard the compressor
operation in fthe cooling mode. Ty Is now compared with a predstermined valus
to control the motor to either run at a constant rpm or turn off. Ty and
the flowrate sensor will determine the need for the heat pump motor to cut In
to supplement turbine power in order to meet the cooling requirement. The

flow chart detaliing this operation Is shown in Figure 6-3.
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6.3 COLLECTOR CONTROL

sensing TCOL and comparing [t with Tw to preclude clirculating TN when a net

The circulation of water through the solar collectors Is controlled by 3!
l

heat gain is not pos
Is also implemented,

Figure 6-3.

sible.

Lockout agalnst freezing and bolling conditions

The flow chart detalling thls operation is shown In
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7. HEAT PUMP HEAT EXCHANGERS
7.1 OVERALL DESIGN APPROACH

The heat exchangers (evaporators, condensers, bollers, and heating/

‘§ cooling air coiis) for the proposed heating/ccoling systems are sized to meet
- E the specified requirements at minimal cost. Standard Dunham-Bush air condi-
tioning and heat pump products, which are bullit primarily for refrigerants
R=12, R-22, and R-502, are used in this system with minor modifications to
accommodate Increased water flow rates and the lower vapor pressure R-11
refrigerant. Volume production tooling Is available for the heat exchangers
selected even though they are not standard catalog sizes. They wil!l be
fabricated as any other Dunham-Bush heat exchanger production run.

7.1.1 Design Procedure

The heat exchangers described In this sectlon were designed according to

= et Ny oA

the following procedure:

(a) Problem statements were generated as a result of computerized system
optimization studles.

(b} Baslc heat transfer data availabie for the Dunham-Bush standard heat
transfer surfaces were reduced in a forﬁ sultable for use by the
AlResearch heat exchanger design computer programs. In addition,

'13 single tube heat transfer tests were conducted to characterlize the

boi | ing/evaporating heat transfer and.pressure drop behavior of R=1f

under conditions similar to +he actual heat exchanger design conditions.

(¢) The computer progréms ware exercised to generate a number of heat
exbhanger confligurations and sizes corresponding to various baslc

AMRESEARCH. MANUFAGTURING COMPANY 7 _ ,
OF CALIFORNIA 76~13448
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(d) The candidate designs were reviewed by Dunham-Bush for selection

{e) As a result of the Dunham=-Bush investigations, [teratlions affecting -

7.1.2

The system heat exchangers use three types of basic Dunham-Bush heat
transfer surfaces. These are described in the following paragraphs.,
7.1.2.1 Finned-Tube Coil Heat Exchangers

These heat exchangers transfer heat between a liquid (or refrigerant)
circulated within t+he tubes and alr circuljated outside the fubes ovar the
extended surfaces. The extended surfaces (fins) are always exposed to the
gas side to compensate for the heat transfer coefflicient between the gas
and metal, which is relatively low compared with tnat between the liguid and '%:
metai.
Cunham~Bush alr conditioning and heat pump products.

A typical fin selection is depicted In Figure 7-1. The wavy alumlinum
fins are formed by high precislion dies that draw fin coliars In the fin stock.
The aluminum fin stocks that run vertically are tightly bonded to the horizontal _ f‘
copper tubes by mechanical expansion of the tubes. The fin collars not only
provide accurate confrol of the fin spacing, but completely cover the tube for
greatest heat transfer efficiency and coll protection. The wavy fins produce

a rippled airfiow pattern throughout the coll, creating the air turbulence

heat ftransfer surfaces. All these candidate heat exchanger desligns

met the performance requirements developed in (a) above.

on the basis of cost, packaging constraints, and suitabllity for

the kind of service considered.

the system performance were made to arrive at an overall optimum 13

solution.

Heat Exchanger Design Approach

T T Ty P e T N L_ZE O

This baslic heat transfer surface is presantiy used In many different

ORIGINAL PAGE IS
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SPIRAL FIN

INNER TUBE

Figure 7-2. Inner-Fin Tube

n;cessary for efficlient heat transfer. The tubs size as well as the tube and
fin spacing may vary to suit the constraints of design specification.

An fnner-fin tube as shown in Figure 7-2 Is used for the 3- and 10-~ton
R=11~-to=air heat exchangers.

7.1.2.2 Inner Fin Water Chiller

The inner fin water chitler Is a sheil=-and-tube heat exchanger. The
copper tube bundle Is contained within a steel shell; water moves over the out=-
side of the tubes and refrigerant moves within. Thls is a standard heat trans-
fer package that has been marketed by Dunham-Bush for many years.

A sketch of the Inner-fin tube arrangement is shown In Figure 7-2. The
jnner fin is manufactured by inserting a smal!-diameter copper tube Into a
copper tubs of a larger diameter. A folded spiral fin of copper sheet stock

is wadged tightly between the OD of the inner tube and the ID of the outer tube.

@ AIRESEARCH MANUFACTURING COMPANY 76-13448
OF CALIFORNIA Page 7-4
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The folds (points) vary In number around the periphery of the inner diameter;
this variation is calculated to produce the most efficient heat transfer.

The Inner tube is piugged so that the refrigerant flows only through the
finned anﬂulus between the Inner and outer tubes whlle heat Is belng trans-
ferred fd or from the water on the outside of the tube.

Water Is directed back and forth across thea tubes by using baffles. The

baffle spacing Is calculated to glve the most efficient heat transfer on the

outside of the fube.

7.1.2.3 Shell-and-Tube Condensers

The third type of heat exchanger Is a horlzontal low fin fube condenser.
in this heat exchanger, water flows through the tubes and R-11 refrigerant
condenses on the flnned outer surface of the tubes. The condensate drips
off of the tubes into the lower portion of the shell, where It can be sub-
cooled by tubes submerged In the R-11 condensate.

Removable water headers are provided for easv cleaning of the Inside of
the tubes. These exchangers use copper water tubes, steel tube sheets, and
cast [ron headers consiructed and certifled +o the ASME pressure vessel code.
The copper water tubes are expanded into aluminum plate fins fo form the outer
R=11 condensing surface In this design. The fins are necesséry‘+o provide
efficlent condensation of the refrigerant. To provide subcooling, some of the

tubes may be immersed in the R-11 condensate.

- 7.2 HEAT EXCHANGER CHARACTERISTICS

Tables 7-1, 7=2, and 7-3 summarize the sizes of the heating and
heating/cooling system heat exchangers of the three types described above.
In order fo develop a heat pump package common to heating-only and heaflng/
cooling systems, 1t has been necessary to size the cooling system botller as
well as the other heat exchangers. Further, the use of common heat exchangers

for heating and cooling required sizing for both modes of operation.

AIRESEARCH MANUFACTURING COMPANY ‘ 76=-13448
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TABLE 7-1

FINNED~-TUBE COIL HEAT EXCHANGERS

Tube
wall Finned Fin
Tube Thick= | Tube Fin Fins | Thick=
No. Dia., | ness, Length, { Width, ] Rows |Per | ness,
Heat Exchanger Required | In. in, in. In. Deep |In. in.
3-ton/60 KBTUH 1 0.5 0.028 24 30 6 12 | 0.008
indoor coil outer
avap/cond tube*
R-11 to air
0.2%
Inner
tube
10-ton/200 KBTUH 1 0.5 0.028 27 85.5 6 12 | 0.008
Indoor cotil outer :
evap/cond tube*
R-11 to air
0 L ] 25
Innear
tube
25=-ton/800 KBTUH 12 0.375 | 0.016 24 24 8 12 | 0.006
heater/cooler
Water to air
¥ Dunham=Bush inner fin tube
@ ARESEARGCH MANUFACTURING COMPANY 76-1 3448
B OF CALIFORNIA Page T=&

e e T e e ML i ¢ e ki o ot




TABLE 7-2

INNER-F IN HEAT EXCHANGER CHARACTER}STICS

B ST mpreEn———

Quter Tube inner Tube Effec-
Tive
Shell Thick=- Thick=| No. Tube Baffle
Dia.,| Dia.,| ness, | Dia.,} ness, | of Length,; Spacing,
Heat Exchanger in. in. In. in, in, Tubes In. in.
3-ton evaporator/ | 8.0 0.5 0.028 | 0.25 | 0.025 | 122 30 6
boiler in water/
R-11 circult
10-ton evaporator/| 12 0.5 0.028 10.25 | 0.025 | 317 24 6
boiler
25=ton evaporator/| 20 0.75 | 0.032 | 0.375] 0.025 | 330 16 6
boiler
25-ton evaporator/| 20 0.75 | 0.032 | 0.375] 0.025 | 330 40 4
condenser
TABLE 7-3
CONDENSER CHARACTER!ISTICS
Effec—
Fin tive
Shel | Tube Tube Wall Fins | Thick~{ HNo. Tube
Dia., | Dia.,| Thickness,| per ness, of Length,
Heat Exchanger in. ~ in. in. In. in. Tubes in,
25-ton condenser |18 0.375 0.025 $4> 0.008 390 48
3-ton condenser 10 0.375 0.025 14 0.008 80 | 42
10-ton condenser |14 0.375 0.025 14 0.008 180 54
-‘ AIRESEARCH MANUFACTURING COMPANY 76-13448
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7.3 3-TON/60 KBTUH HEAT PUMP HEAT EXCHANGERS

In this heat pump, two heat exchangers must perform at high effectliveness
under fwo modes of operation: evaporation and condensation for the R-11-to-alr
coll, and evapora?fon ang bolling‘for the R=11-to~water heat exchanger. To
-accommodate both processes in the same heat exchanger requires a compromise
solution with careful attention pald to pressure drop in both modas.

7.3.1 Water-to-R-11 Heat Exchanger

For the water-to-R-11 heat exchanger, the Dunham-Bush irner fin tubing
provides the means of handling both evaporation and bolliing In an efficlent
manner .

Table 7-4 lists the problem statements (performance requirements) for
this unit In the heating and coolIng modes of operation. Note that the
pressure drop on the R-11 side results In a significant change In evaporating

temperature.

The dimensions of this unlt are gliven in Table 7-2.
7.3.2 Condenser

The R-11=-tfo-cool ing tower water condenser s a stall~and-~tube unlt with
condensation occurring on the shell side finned tubes. Some of the tubes are
submerged in the Ilquid refrigerant to provide the required subcooling. The
condenser Is designed with removable headers for cleanable tubes, as requlred
in coolIng tower water service.

The design conditions for this condenser are IIsted in Table 7-5. Table
7-3 shows the condenser characteristics.

7.3.3 Alr Coil Heating/Coollng Unit

The finned-tube air heating and cocling coll design cond!tions for the

single=famlly residenca are summarlized In Tabie 7-6. The size of the 3-ton

| AIRESEARCH MANUFACTURING COMPANY 76~13448
| OF CALIFORNIA
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TABLE 7-4
3-TON/60,000 BTU/HR

WATER-TO-R-11 HEATING/COOLING UNIT DES{GN CONDITIONS

Cooling Mode

Heating Mode
Boller Evaporator
R-i1 Side
Q, 8tu/hr 65,862 47,661
Flow, Ib/hr 744 715
Inlet pressurs, psia 87.9 9.8
Inlet temperature, °F 90.9 52
Intet enthalpy, Btu/lb 28.8 32.83
Evaporé?ing temperature, °F 187 at iniet; 55 at inlet;
186.3 at outlet 51 at outlet
Latent heat, Btu/lb 66.57 65.96
Outlet pressure, psia 87 9.0
Subcool ing/superheat, °F 5 3
Outlet temperature, °F 191.3 54
Qu¥let enthalpy, Btu/lb 115.3 99.18
Water Side
Fiow, Ib/hr 12,000 12,000
Intet temperature, °F 195 60
Qutiet temperature, °F 189.5 56°F
Pressure drop, psia 3.5 psia }.5 psi
Pressure, psla T80 TBD
:-u AIRESIARCH MAuuracwnég% fg;g;: ;g;lngg
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TABLE 7~5
3~TON HEAT PUMP CONDENSER REQUIREMENTS

Parameter Units ‘3
R=11 Side
Q, Btu/hr 102,698 'EE
Flow, Ib/hr 1256 i
Inlet pressure, psia 21.7
Inlet temperature, °F 124, ;;
Inlet enthalpy, Btu/tb 108.24
Condensing temperature, °F 94,5 7
Latent heat, Btu/lb 76.5 ' 4
Outlet pressure, psla 21.4 '?
Subcooling, °F 5 .
Qutlet temperature, °F 89.5 ;l
Outlet enthalpy, Btu/Ib 26.5 |
; Water Side
S Flow, tb/hr 20,500
E Inlet temperature, °F B4.4
g Outlet temperature, °F 89.4
é Pressure drop, psia 5.0
g Pressure, psia TBD

ORIGINAL PAGE ¥
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TABLE 7-6

3-TON/60,000 BTU/HR

AIR COIL HEATING/COOLING UNIT DESIGN CONDITIONS

Cool ing Mode Heating Mode
Evaporator Condenser
R-11 Side
Q, Btu/hr 36,709 60,000
Flow, Ib/hr 504.6 715
inlet temperature, °F 54.0 183.7
Inlet pressure, psia 9.6 35.5
Inlet density, Ib/cu ft
Inlet enthalpy, Btu/Ib 26.5 116.7
Evaporat ing/condensIng 54.0 inlet; 123.9
Temperature, °F 51 outlet
Outlet pressure, psia 9.0 35.0
Heat of vaporization, Btu/lb 72.3 82
Outtet enthalpy, Btu/lb 99.25 32.7
Pressure drop, psla 0.45 0.2
Superheat/subcool ing, °F 3.5 5
Ai~ Side
Flow, Ib/hr 5400 5400
Cfm 1200 1200
Inlet drybulk temperature, °F 78 70.3
Intet wethulb temperature, °F 67 -
Outlet temperature, °F 57.0 (sat) 116.5
inlet pressure, psia 14,7 14.7
Pressure drop, in Hp0 0,33 0.24
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system air coil for the single-family resldence is glven In Table 7-1, No
problems are anticipated in this case to obtain adequate superheating or
subcool ing.
7.4 10-TON/200 KBTUQ HEAT PUMP HEAT EXCHANGER

This system is a variation of tha smajler, single~family residence unit.
Here again, dua! mode of operation is necessary In the heat source/sink heat
axchangers.

7.4.1 Water-to~R=11 Heat Exchanger

The water flow configuration in thls heat exchanger wlii be the same as
for the smaller unit described above. The problem statements corresponding to
the heating and cooling modes of operation are listed in Tabie 7-7. Heat
exchanger size and character!stics are Iisted in Tabie 7=2.

7.4.2 Condenser

The R-11~to=cooling tower water condenser is a shell-and-tube unit with
condensation occurring on the shell side finned tubes. Some of the fubes are
submerged in the 1iqulid refrigerant o provide the required subcooling. The
condenser s designed with removable headers for cleaning the tubes, as required
in cooling tower water service.

The design conditions for this condenser are |istad in Table 7-8. Table
7-3 shows the condenser characteristics.

7.4.3 Air Coil Heating/Cooling Unit

This col! uses the wavy fin surface geometry on the air side. It is
similar to the corresponding unit In the 3-ton 60 KBTUH system but larger In
dimensicn. The design conditions for this heat exchanger In the heating and
cooling modes of operation are iisted In Table 7-9. Heat exchanger sizes are

given In Table 7-1.

@ ARESEARCH MANUFACTURING COMPANY 76-13448
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WATER-TO-R-11 HEATING/COOLING UNIT DESIGN CONDITIONS

TABLE 7-7

10~-TON/200,000

BTU/HR

e

Cocling Mode Heatlng Mode ;J

Bol ler Evaporator ‘

R-11 Side )
Q, Btu/hr 191,500 162,070 L
Fiow, Ib/hr 2135 2365 y
Inlet pressure, psia 86.4 9.6 1
Inlet temperature, °F 90.8 54 o
Inlet enthalpy, Btu/lb 25.7 30.8 i
L

Condens Ing/evaporating 185.3 54 at Inlet; .
temperature, °F 50 at outiet fg
Latent heat, Btu/lb 66.7 67.8 Q%
Outlet pressure, psla 85.4 8.8 '%
g

Subcool ing/superheat, °F 4.6 5 g
;

Qutlet temperature, °F 189.1 55 e
Outlet enthalpy, Btu/Ib 115.4 99.33 {E
Water Side Eg
é

Flow, Ib/hr 36,000 36,000 .&
Intet temparature, °F 195 61 '1
Qutiet temperature, °F 189.7 56.5 =
Pressure drop, psia 4.0 4.2 -
E

Pressure, psia TBD T8D 3
1

i

4

1

;

:: [
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TABLE 7-8

10-TON/200 KBTUH CONDENSER

Parameter Units
R-11 Side
Q, Btu/hr 311,600
Flow, Ib/hr 3795
inlet pressure, psia 21.6
Inlet temperature, °F 118.9
Inlet enthalpy, Btu/ib 107.6
Condensing temperature, °F 94.6
Outlet pressure, psia 21.4
Subcool ing, °F 5
Outlet temperature, °F 89.6
Outlet enthalpy, Btu/lb 25.5
Water Side
Ftow, Ib/hr 61,100
Inlet temperature, °F 4.4
Qutlet temperature, °F 89.5
Pressure drop, psia 5.0
Pressure, psla TBD

AIRESEARCH MANUFACTURING COMPANY
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TABLE 7-9

10-TON/200,000 BTU/HR

AIR COIL HEATING/COQLING UNIT DESIGN CONDITIONS

Cool ing Mode Heatlng Mode
Evaporator Condenser
R-11 Side
Q, Btu/hr 119,600 205,300
Flow, Ib/hr 1633 2440
inlet temperature, °F 51 181
Inlet pressure, psla 9.0 N.2
Inlet enthalpy, Btu/1b 25.5 116.2
Evaporating/condensing 51 at Inlet 116
temperature, °F 47.9 at outlet A
Qutiet pressure, psia 8.4 3 A:
Heat of vaporization, Btu/Ib 72.89 74.7
Outlet enthalpy, Btu/lb 98.7 31 1
Pressure drop, psla 0.51 0.2 ij
Superheat/subcool ing, °F 3.1 (min) 5 ;
Air Side :j
Flow, Ib/hr 18,000 22,500
Cfm 4,000 5,000 'é
inlet drybuib temperature, °F 78 70.6
Inlet wetbulib temperature, °F 67 -
Outlet temperature, °F 57.1 (saf) 108.6
Inlet pressure, psia 14.7 14.7 -
Pressure drop, in. Hq0 0.34 0.34 }é
@ MRESEARCH ﬁANUFACTUR{I}?FiGm::S;duI:;:: gg;lsgi?5
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7.5 25-TON/600 KBTUH HEAT EXCHANGER

This system differs from the others in that I+ features a recirculating
water loop to carry the heating/coollng effect from the heat pump to the ter-
minal units. |
7.5.1 Condenser

The condenser Is a shell-and-tube unit with condensation occurring In the
shel!| on the surface of low profile finned tubes. Water in the tube serves as
the heat sink. Subcooling is achieved by providing additional water-cooled
tubes submerged in the 1iquid refrigerant a*rthe bottom of the shell.

The design condltlions for this condenser are listed In Tabie 7-10.
Tabie 7-3 shows the condenser characteristics.

7.5.2 Evaporator/Condenser

The flow confliguration through this inner fin water-to-R=11 heat exchanger
Is simiiar to that of the smaller unl+s describad previously. Heating and
cool ing mode problem statements are given in Table 7-11. Evaporator
characteristics are glven in Table 7-2.

7.5.3 Boller/Evaporator

The flow configuration through this Inner fin water-to=-R-11 heat exchanger
Is similar to that of the smalter units described previously. Design condltions
are listed in Table 7=12, and characferistics are in Tabia 7-2.

7.5.4 Air=-to-Water Terminal Unit Coll

Currently, it is assumed that this system will have 12 termina! units.
The deglgn requirements for each unit are listed in Table 7-13. The
characteristics of this wavy fin coll are given In Table 7-1.
7.6 SINGLE TUBE HEAT TRANSFER TESTS

General ized heat transfer and pressure drop data are available in the

i 1terature for the design of the varlous system R-11 phase change heat
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TABLE 7-10
25-TON/600,000 BTU/HR

CONDENSER DESIGN CONDITIONS

Cool ing Mode

R-11 Side .
Q, Btu/hr 717,900
Flow, Ib/hr 8800
inlet pressure, psia 21.6
inlet temperature, °F 115.4
Condensing temperature, °F 94.5
inlet enthalipy, Btu/lb 107.1
Qutlet pressure, psia 21.4
Outlet enthalpy, Btu/ib 25,5
Subcooling, °F 5

Water Side
Flow, tb/hr 143,600
Inlet temperature, °F 84.4
Outlet temperature, °F 89.45
Pressure drop, psla 5.0 (max)
Fressure, psia TBD

@ AMRESEARCH MANUFACTURING COMPANY
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TABLE 7-11

25-TON/600,000 BTU/HR

EVAPORATOR/CONDENSER* DESIGN CONDITIONS

Cool Ing Mode Heating Mode
Evaporator Condenser
R=11 Side
Q, Bfu/hr 299,420 603,800
Flow, |b/hr 4096 7085
Inlet temperature, °F 51 190.7
Inlet pressure, psia 9.1 34.4
Inlet enthaipy, Btu/ib 25.5 117.5
Saturation temperature, °F 51 at Inlet; 121.5
47,9 at outlet
Outlet enthalpy, Btu/!b 98.7 32.3
Outiet pressure, psia 8.4 34.2
Pressure drop, psl 0.6 0.2
Superheat/subcool ing, °F 3.1 5
Water Side
Fiowrate, Ib/hr 37,500 37,500
iniet temperature, °F 60 102.3
Outiet temperature, °F 52 118.4
Inlet pressure, psla 18D T8D
Pressure drop, psl 3.6 3.2
¥ Dual mode In Nashviile only
mssﬁncu mnuractunélr:% :S:g:m 76=13448
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TABLE 7-12

25-TON/600 XBTUH

BOILER/EVAPORATOR
Cooling Mode Heating Mode
. Boiler Evaporator
R=11 Side |
- Q, Btu/hr 413,200 461,800
Flow, Ib/hr 4656 6940
Inlet pressure, psia 87 9.27
inlet temperature, °F 90.8 53.4

Evaporating/boiling
temperature, °F

186.5 Inlet;
185.0 cuilet

53.4 inlet;
48.3 outlet

Inlet enthalpy, Btu/ib 25.8 32.3
Qutlet pressure, psia 86 8.67
Outtet enthalpy, Bfu/ib 115.5 98.84
Qutlet temperaturs 189.6 51.2
Subcooling, °F 4.6 2.9
Water Side |
Flow, lb/hr 80,000 80,000
Intet temperature, °F 195 62
Outlet temperature, °F 189.8 56.2
Pressure drop, psia 3.8 4,2
| @3 AIRESEARCH muur;uc:un{;t;% ﬁ?&m gg-; 3’;-4_?9
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TABLE 7-13

25-TON/600,000 BTU/HR
AIR HEATER/CQOLER DESIGN CONDITIONS
(12 Required)

HeatIng Mode Cooling Mode
Water Side
Q, Btu/hr 50,320 24,952
Flowrate, 1b/hr 3125 3125
Inlet temperature, °F 118.6 52
Outlet temperature, °F 102.3 60
Pressure, psia 8D T8D
Pressure drop, psl t.6 1.7
Alr Side
Flowrate, lb/hr 5,420 3,750
Flowrate, cfm 1,200 830
Inlet drybulb temperature, °F 70.5 78
Intet wetbuib temperature, °F N/A 67
Qutlet temperature, °F 109.2 57.5 (sat)
Pressure, psia 14.7 14.7
Pressure drop, in. H;0 0.29 0.28
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exchangers. Initially these data were used for this purpose; however, because
of the relatively high effectivenesses of the heat exchangers used In the heat
pump subsystems, and aisoc because of the sensitivity of the deslgns, single-
tube heat fraﬁsfer and pressure drop tests have been conducted on inner fin
tubes of the sizes used in the design of the heat pump heat exchangers.

The purpose of these tests is to verlify performance prediction and to
ascertain the designs prior to fabrication. This approach Is common practice
In the design of high~efficiency heat exchangers and obviates costly lterations
later in the program, as well as schedule slips. Appendix A describes the

test program and presents the results obtalned.
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8. COULING TOWER

Specifications for the cooling system cooling towers are essentially

dependent on the actual capacity of the systems and on the wetbulb design

temperatures for the installations considered. Table 8-1 summarizes the

2-1/2 percent design air temperatures for the geographical locations selectea

for the cooling systems. Also given are the performance requirements for the

nominal 3-, 10-, and 25~ton systems.

CoolIng tower data were obtained from Mariey; they are presented in Exhibit

8A at the end of this section. Final selection will only be made foillowing

slte analysis. All cooling towers will be off-the~shelf units; however,
the possibility of reducing th2 power requirgments of these cooling towers

is being investigated with Marley.

/-‘.;-\
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TABLE 8-1

COOL ING TOWER PERFORMANCE REQUIREMENTS

~ System capacity, ‘ons

25

:
2 3 10
x e
g Location Des Molnes, |Washington, | Los Angeles, | St. Louls, | Las Yegas, | Houston,
. § lowa D.C. Calif. Missouri Nevada Texas
;  §§' | Design outside temperature
I £3 Drybulb, °F 92 92 90 94 106 92
= _ Wetbulb, °F 77 77 70 78 71 20
f‘a Heat rejection rate, Btu/br 102,700 311,600 717,900
i Tower Inlet water temp., °F 89.4 89.5 89.4
- Tower outlet water temp, °F 84.4 84.4 84.4
41 122 287

water flow, gpm
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EXHIBIT 8A

MARLEY COOLING TOWER DATA
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MODELS 4613 THRU 4817
TOWER AND 2 DIA. INLET PIPE (DY OTHERS)
T INLET PIPING ‘
$ C_'.’_"..‘_'ﬁ‘\'
. ]
1 - 't r SHEAVE AND BELT GUARD
x ’_ H 1 "
i ] &5 } 15 3116 o g—,\ '
HH i
T 1 +H " -
M !
} e s )
5 2§ . e
g e I‘Eum_mcf. MIN r o AIR DISCHARGE
- = 2
g o 3/4 DIA. (M.) FLOAT VALVE 3 V
B & £ 4
; AT "5’ TNW\
I 5 o - T ——— 3 =
%‘& ¢ - ‘ 2 DIA. (F) DRAIN "‘l
[ .
-2 DiA. () DRAIN L‘_I o] 26 T_:I A
il 15/8 ) -y 1 s, | I 42 § 10 @ ANCHORAGE SLOTS ﬁ_1| I“L e
w L
Shipping Dimensions
o Dimensions in inches
No. w L H A B c D
4613 33% | 614 | 48%, | 17X, |13% | 28'%: | 61%
4615 | 33% | 61% | 57% |22, |15% | 30% | 68%
4617 33% | 61%. | 68% | 33% [15% | 324 | 79%.
Tower Fan | PumpHesd | GRMc | g rating |—Waler Level Overllow
Model In Fee Location K
-y L RPM t [Min. | Max. wmm sight op‘:m 0":‘“ = =
4613 765 4.5 16 | 25 365 725 7% 12% 6% 10% 3%
4615 668 5.0 16 | 27 410 790 7% 13% 6%, 124 5
4617 668 6.5 23 | 40 445 840 7% 13% 6% 12% 5
GENERAL NOTES
m ‘H' dimension is to top of motor base (which ships instailed).
2. Motor and belt guard are shipped separate and require field installation.
Pump head based on the following:
A. Diameter of riser and inlet are equal. ps :
B. Total length of piping is static lift (H-4") +5'-0". *Based on standard nozzles.
C. Two 90° elbows—same diameter as inlet. ‘,‘,":,}.‘;.g},‘,’,:};{,‘,',‘,’d‘i{,ﬁ‘m
D. New steel pipe (by others). nozzles.
P
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Performance Data
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4600 AQUATOWER®

Tons of Refrigeration at 250 BTU/MIN/TON

¢-yg ebey

ANVANOD ONINNLIVINNYA HO¥YISIHIV

VINYO4ITVD 40

8vve1-9,

ALI'TVND ¥0O0d HO

SI IOVd IVNIORIG

AT 3GPM/TON AT 4 GPM/TON

86 87 90 88 90 91 82.5 85 89 89.5 95 93.5 95 95 97
"Tower | Rated | 76 77 80 8 80 81 75 77.5 81,5 82 87.5 86 87.5 87.5 89.5
Model | Tons 66 67 67 68 68 nn 65 70 70 72 78 78 79 80 80
4613 5 5 5.2 3 5.4 6.8 6.0 5.0 4.1 6.9 6.4 7.3 5.9 6.6 5.8 7.9
4615 8 8.1 8.3 1. 6 B.6 10.9 9.6 8.0, 6.6 1.1 10.2 1.7 9.5 10.5 9.4 12.6
4617 10 10 10.3 14.0 10. 6 13,1 1.7 9.6 8.1 13.2 12.0 13.8 1.3 12.5 1.2 4.7
4619 15 15 15.5 21.0 16.0 19.6 17. 6 14.3 12.1 19.8 18.0 20.7 17.0 18.8 16.9 22.0
4621 20 20 20.6 28.0 21.3 26,2 23.5 19.1 16.2 26.4 24.1 27.5 22.7 25.0 22.5 29.4
4623 25 25 25.8 35.0 26.6 32.8 29.4 23.9 20.3 33.0 30.1 34.4 28.4 3.3 28.1 36,7
4625 30 30 3L0 42.0 32.0 39.3 35.3 28.7 24.3 39,7 36.1 41.3 34.1 37.6 33.8 44,1
4627 40 40 41.3 56.0 42.6 52.4 47.0 38.3 32.4 52.9 48.1 55.1 45.4 50.1 45.0 58.8
4629 50 50 51.7 70.1 53.3 65.6 58.8 47.9 40.5 66,1 60.2 68.9 56.8 62.6 56.3 73.5
4631 60 60 62.0 B4.1 64.0 78.7 70.6 57.4 48.6 79.3 72.2 82.6 68.2 75.1 67.5 88.2
4633 75 75 71.5 105.1 80.0 98.4 88.2 71.8 60.8 99.2 9.3 103.3 85.2 93.9 84.4 110.2
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Performance Data
4600 AQUATOWER®

Tons of Refrigeration at 260 BTU/MIN/TON

ANYANOD ONINNLIVINNYN HINVISINIVY

o AT 3 GPM/TON
4 90 a5 90 87 95 9z 96 97 95 95 97 95 96 96 97
, g Tower | Rated | 80 85 80 77 as 82 86 87 85 85 87 85 86 86 87
B Model | Tons | 65 70 70 70 72 72 73 75 75 77 78 78 79 80 80
E 4613 5 8.2 9.8 5.8 3.8 8.7 6,2 9.0 8.7 6.9 5.7 6.8 5 5.2 4.5 5.4
4615 8 13.2 15.7 9.3 6.0 13.9 10.0 14.4 13.9 1.1 9.1 10.8 8 8.3 7.2 8.6
4617 10 15.5 18.13 1.4 7.7_ 16.5 12.1 17.0 16.5 13.4 1n.2 13,1 10 10. 3 9.1 10.7
4619 15 23.3 27.5 17.1 1.5 24.7 18.2 25.5 24.7 20.1 16.8 19.7 15 15.5 13.7 16.0
4621 20 3.1 36.6 22.8 15.4 33,0 24.3 34.0 370 26.8 22.4 26.2 20 20.6 18.2 21.3
4623 25 38.9 45.8 28.5 19.2 41.2 30.4 42.6 41.2 33.5 28.0 32.8 25 25.8 22.8 26.7
4625 30 46.6 55.0 34.2 23.1 49.4 36.5 51.1 49.5 40,2 33,6 39.4 30 3.0 27.3 32,0
i 4627 40 62,2 73.3 45.6 30.8 65.9 48.6 68.1 66.0 53.7 44.8 52.5 40 41.3 36.5 42.7
! 4629 | 50 77.7 9L. 6 57.0 38.5 82.4 60.8 85.1 82.5 67.1 56.0 65.6 50 51. 6 45.6 53.4
5 4631 60 93,3 110.0  68.4 46.2 98.9 73.0 102.2  99.0 80.5 67.2 78.7 60 62.0 54.7 64.1
} 3633 75 6.6 137.4  85.5 57.8 123.6  91.2 127.7 123.7 100.6 84.0 98.4 75 77.5 68.4 80.1
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MODELS 4619 THRU 4633

&

INLET PIPE (BY OTHERS)

1y =
1 b \l ‘
4 _...l i | o SHEAVE AND BELT GUARD
M 15 316! 1 i/
1 al
Hi ;
_T ’ .
[
S O |
B > A
ey ‘-'
:
gl . 11116 oi- B R DiscHarce
H : s
g 3/4 DIA. (M.) FLOAT VALVE
f I-znu (F) OVERFLOW | T
e TN ) "
? o QUTLET ,1’
! wl
9 H 1 v I (Y (R — 2 DIA. ANCHORAGE
nl |_— mtsrm
'y |
| A 201 ) oRAIM - et 2 I
W lﬁ
Ll
L
-
Shi
Tower i m" o Dimensions In inches
No. wlt]w |a]ls]c o] E F |[a o ]k [m [n|] P R| 7| aa
4619 33% | 64%| 79 [5% | 9| 17% | TH| 214 | 42 48 |38 |24} | 1| 90% |24 415
4621 A7% | 68%| TT% | 9% | 23%:|17% | T |20, | 42 2% |52 |39% |36% | 2 | o904 |48 M| 3y
4623 47% | 68X:| 77% | 9% |23%.|17% | 72| 20'%: | 42 2% |52 |39% |36% | 2 | 90%.[48 44| 3%
4625 STA| 72X 77% | 9% | 28'%.| 17% | 7| 20'%, | 42 2%, |56 |39% |36% | 2 | 90% |72 44| 3%
4627 64 |75%| 92'% |9V |32 |20% | 7% |23'% | 52 | 2% |57 |47'%:|42% | 2 | 104% |72 4415
4629 76 |81} 91X |9%| 5 20% | 7| 23'%. | 52%. | 2% |63'%. |49%. |42% | 2 | 1044 |72 4% | 3%
4631 88 | 854| 92'% |9Ve| 4¢ 20% | 8% | 23'%, | 52, | 2%, |66"%. |49%, |48% | 2 | 104% |72 a%| 5
4633 | 100 | 85%| 91X, |9Ve|50 |20% | 8% |23% | 52'% | 2% |66'%|40% |48% | 2 | 104% |72 44 | 3y
Piping Layout
Tower Dala - Inches Pump GPM® Water Level
Fi Head In Shipping
el e | e APM Feet Wi | Max | Weight | weight” | U v v
" | By Others | Outlet Operating | Overflow
4619 2 2F 850 9.0 34 59 505 860 9% 16Va 14%
4621 4 4M 478 6.5 48 83 625 1140 9% 16Va 14%
4623 4 4M 565 85 48 83 630 1155 9% 16Va 145 1
4625 4 4M 634 6.5 62 106 795 1440 9% 16Va 14% :
4627 4 4M 480 8.5 23 160 1070 1950 12% 19Va 17% j
4629 4 4aM 571 9.0 112 192 1320 2380 12% 19V 17% |
4631 6 6M 504 8.0 130 224 1420 2660 12% 19Va 17%
4633 6 6M 590 8.0 149 256 1590 3020 12% 19V 17%
ORIGINAL PAGE 18
OF POOR QUALITY,
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GENERAL ... Heavy gauge steel is used throughout to
hbnnu Amamr basins and casings. Towers can easily

for special handling or irstallation in con-
hmdanu.

FILLING. .. High efficiency, film tvpe eoollng is provided
by the use of non-combustible asbestos fi

::l t on all models. Motors on the 4613 through

are toully enclosed, Models 4625 through 4633 sre
provided with protected motors designed and tested specif-
icslly for cooling tower use.

BASIN FIXTURES . . . Ali models are equipped with bronze,
automatic make up water control valves. Overflow, drain,

- guction fitting and suction screens are furnished,

CORROSION PROTECTION... Ail steel utilized in the
manufacture of Aquatowers is gﬂvmizud promdinq a ﬁnhh
on both interior and exterior which is
durability and long maintenance-free service Iilo

GRAVITY WATER DISTRIBUTION . .. Special target noz-
2les provide distribution over the fili sheets,

MECHANICAL EQUIPMENT ... All models are V-belt driv-
en. External lubrication lines are provided as standard

MOTOR DATA AND FRAME SIZES

p—

50 and 80 Heitx
1-Phase | 3-Phess
Yower RPM**
Mode! | Tons | H.P. | @ 60 Herlz | 1-epsod | 1-opeed | Drive
4613 | 5 | W 1730 56 — V-Belt
4615 | 8 Ya 1730 56 —_ V-Belt
4617 | 10 | % 1730 56 - | V-Belt —
4618 | 15 | % 1720 56 56 |V-Balt Single Phass Motors (1% HP and
larger) require 16 week shipping do-
4621 | 20 | V2 1720 56 56 |V-Belt lay. Protectad Single Phase umvol
el o R
4623 25 % 1720 58 56 V-Beit “.‘Aopmulmn. full »o.& RFV.M

MOTOR DATA AND FRAME SIZES

80 Hertz | 80 Werix)
. 80 Hertz 3-Phase 50 Moriz 3-Phase 1-Phase | 1-Phaso
Tower APM®* 1 2.8peed | 2-Speed 1 2-8peed 1 1
Model | Tons | K.P. | @00Mertz | Drive Specd | 1-Winding | 2-Winding | Speed | t.Winding | Spoed gpeed
4625 30 1 1735 V-Belt 143T 143T 1827 1437 143T 143T 145T
4627 40 1 1735 V-Belt 143T 1437 1827 1437 143T 143T 1457
4620 50 15 1735 V-Belit 145T 145T 1827 1457 145T 145T 1827
4631 60 2 1730 V-Belt 1457 1457 1827 145T 1827 182T 184T
4633 75 3 1740 V-Belt 1827 1827 184T 1827 1847 184T 213T

We rsserva the 1t to meke chengea In the
ammmlmm-mnm

THE MARLEY COMPANY
5800 FOXRIDGE DRIVE
(4 MIESION, KANSAS 86202 -

FRINTED I USA
- AIRESEARCH MANUFACTURING COMPANY
V) 76-13448
Ny OF CALIFORNIA Page 8A-6
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DOUBLE FLOW PACKAGED COOLING TOWERS

with MARLEY

High Performance

Film-Type Fill

Low-Decibel Fan and

Patented MARLEY GEARtDUCER

NCP-75

-
REvY)| AIRESEARCH MANUFACTURING COMPANY
- OF CALIFORNIA
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[T TOWER OVERALL m-l’.

I L w L] A

—— S S S
8801 | San 7o ¢-10% "% 52 4% 54 8% 8% 8 |3F |3F J1um 4 | v 1-2% s
8602 | T-I% 170% LY 10-10% 1% T2% ” 1% ™% 8 |3F |3F |1uM 4 | v 1% L]
8803 | T-3% 1708 2% 10-10% g% TN 7 1% % 8 |3F |3F |1uM 4 | UD 1% ™
B804 | TI% 1% 2% 17-5% L3 LY ra% T2 % 7% § | 3F |3F [1%M 8 |1ran 1% ™
8608 | 7% 13-% L 52 ) 1758 1% 2% ” zZaw - 8 J3F |3F [1%M 8 |14 1% 10
8808 | T-10m 1. [ B1Y 1715 TN 1% n” - ™ 8 |3F |3F |1%M 8 |1va% 1-1% 10
8807 | 0% 15°-3% [ Sl 170N TN L BLY k) - 7% 10 |3F |3F |1 M e |130 1-1% 10
8808 | T-10% w-s 11 151% TN % L ) 1% T-11% 10 |3F |3F |1uM LIRS ] o11% AL}
9600 | Vean 8.7 L S 15-1% 0% { ALY 84 Fa LY T-11% 10 |3F |3F |1uM LRI 0% AL}
610 | Van 18T L B ALY 15-1% T0% LB LY 84 % T-11% 10 |3F [3F |TuM e [T 0% 20
s | 9an s 10°-10% 15°-10% 0% vos 08 FS ALY -5 10 |3F |3F |2%M R |IF-Tw 0% 2
8812 | V4% s 10-10M 1748% T-10h voN 0 F L) zs 10 |3F J3F |2%mM 8 |17T-3% 0% 20
8613 | Van 1w W0-10% 17-8% T10% o L] 1% zs 10 |3F |3F 2w e |\ 0% E
884 | Tan W% 17N 165-10% van W:JII ™ PO AL 4% 12 |3F |3F |2wM 8 |17 vo% F

Instaliation Motes

1. All external piping by others, including inlet pipes. These
inlst pipes are to be located to discharge Into the
distribution box in each distribution basin.

2. P'oing on ‘op of tower will be supported by tower
structure. All otner piping must not be supported by tower.
3. Fan, parallel shaft Geareducer and close coupled
T.E.A.O. motor are mountaed on steel support members,
inside of tower.

e LWW*L AL Ly B e A :
HOISTING INSTRUCTIONS R

R b Qv AN 1A Y, S S

4. Wirlng from motor condult box to outside of tower
by others.
8. If fan Is cycled for capacity control, temperatura limits
should be set to pravent motor cycling more than 8 times
per hour.

SPREADER
BAR

HOLE IN TOWER
SKID FOR HOISTING
LINES

HOISTING FROM BOTTOM WITH SLINGS

2%" HOLES

F'.!ﬁ?j),

— e
— 1 LR

4.)1, ...;/’

2%" HOLES IN MECHANICAL EQUIPMENT
SUPPORT MAY BE UTILIZED FOR HOISTING
AND FINAL POSITIONING

@ AIRESEARCH MANUFACTURING COMPANY
L _J OF CALIFORNIA
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ZZENGINEERING DATA -
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e

Cold water basin — Galvanized
Sides: 12 ga.: Models 8601-8605
10 ga.: Modoels 8608-8610

7 ga.: Models 8611-8614

Floor: 12 ga.: Models 8601-8805
10 ga.: Models 8808-8614

HOORL WOU  eemm 200 B N0 060 0oBT M0 . NS C T BN BT BNA M S
T Nom. Tons 100 2 W s 200 28 250 300 328 380 00 a2 480 500
Length &a% 7% TN T-3% T% T-0% T-10M 0% van v4% L 4% L] v4a%
Width 1240 12-0%  120%  13TH 13WTM 13TH 15%3W 16-T% 18.7% 10°-T% 1T-T% -3 10-3% 19-3%
Height 0-10%  8-2% 82N O2N 2% 01N 0e1% -11% 1% o-1% 10-10%  10-10%  10-10% 17-8%
Shipping Wt. 4050 4110 4480 4500 5370 5820 6850 7480 7530 8300 9060 9110 10080
Operating WL o570 o720 0750 9820 9840 11040 12150 13770 18730 15780 10070 18580 10879 10220
*Motor H.P. [] ] ™ ™ 10 10 10 15 18 20 20 20 2% 28
Fan Dia. & Type 54H3 T2H3  T2HS  T2HY  T2NY T2H3 72H3 B4H3 B4HY B4H3 96H3 o) 96H3 08HY
APM 008 547 847 847 847 547 547 428 428 428 420 428 420
CFM 20020 44450 80000 54820 00180 58610 80050 78570 82630 #1910 09500 70 108270
Geareducer nr "v nr nr "r "r "v navr nar anar nav nav nar aar
Satio/1 10 Hertz) 268 320 320 320 3.20 20 320 4.108 4.108 4.108 4.108 4108 4108 4.108
Ratio/1 (80 Hertz) a2 205 208 285 208 208 268 e a2 2 a2 32 i .2
&
U apm, i, 100 110 120 128 178 180 190 200 200 210 240 250 250 280
mu—. 500 s 50 s 60 nzs 1250 1440 1825 ms 1880 ns 2000 2500
Orifice/TWR o“ ™ ™ . ™ ™ 144 14 18 180 108 198 108 108
Suction (Beveied
& Grooved) 3 [] [} ) ] ] 0 0 0 10 10 10 ° 12
Overfiow (Female) 3 3 3 3 3 3 3 3 3 3 3 3 3 ]
Orain (Female) 3 3 3 3 3 3 3 3 3 3 3 3 3 3
Fioat Vaive (Male) L) 1% % " % "% 1% " 1% 1% ™ ™ ™ ™
Inlet Size ] [} 4 (] (] [] (] [} (] [} [} [} [] [}
Optional Equipment
Alr Inlst Screens Fleld Installed # 2 Mesh x .083 Galv. Wire Screen # 16 Gage Metal “U” Edge Frame.
External Ol Sight Gage Shop Instalied — Glass Tube Brass Body Sight Gage Is inatalied Next to the Fill Pipe.
Vibration Isolation Four Spring Isolators Under Tower. Marley Cholce of Vendor. Vibration isolation Under Mechanical Equipment Not Avallable.
Two or more cells connected by equalizing flumes must be isolated beneath a common unitized support system. Consult your
Mariey Sales Engineer.
Basin Covers %" Thick — Removable Corr, ACB Panels — Su by Basin Sides. Top of Cover Flush With Top of Basin.
Flow Control Vaives Marley Flow Control Vaives - Ship Separate — Bot to Cast Iron Iniet Adapier.
Ladder & Handrall Fleld Installed Ladder i2 1'-6 wide with 1% Dia. pipe rails & % Dia. stesl rungs. Handrall is 3'-8 high above fan deck with 1% Dia.
pipe ralis & posts & 14 Ga. toe plates.
External Lube Line With Dip Stick  Stand pipe/dip stick allows checking g oll level & fliling from outside tower.
*Standard voltages are 200 volts or 230/480 volts 1 90°—88*— 70" WB, 3 QPM/ton
mmwwumm&(ﬂlemumnmmmmm- “We reserve the right 10 maks changes in the
imensions and SpECMCIONS wihout NOBoe. ™

Some models are available for shipment in all Stainieas Steel construction. Check with your Marley Sales Engineer.

76-13448
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£ SUPPORTING STEEL DATA -

M. BEARING LENCTH

T MAY B PROVIDED BY BEAM
{ 5/8 DIAMETER WOLES
[ FOR ANCHOR BOLT S ! i aands -
l | | (FOUR REQUIED ) ] )
I ! }
‘ ‘ ‘ I'
it [ * =
] “ o
L2 | E ,Ag
3 - ll ' = __— SUPPORT BEAM
5| " | J w| § BY OTHERS
8 3 | t I' ! f
M I N s »
FIE { 1 - ®|
& I | 3| w VIEW 3
&y o ‘I | gl 2
2 i
> | | l
] Ui *.ll ! ( U
Q - : - | ' {
! | r’ ‘*1 1 | 'I' - S
| ” I | Se 5/8 DIAMETER WOLES -]
I | | I FOR ANCHOR BOLTS
I L J ® [ | «FOUR REQUIRED ? |
' H . —— T o e ,u | 1
U‘ L: L,l [ L — R — —
| |
€ Frof or acwon souts WJ__ng m]_ e 10 f ,m.‘,,gﬁ.“_,! "
.. B OVERALL OF BASM _ e L ovERALL OF BASH
PLAN OF SUPPORTING STEEL (WECOMMENOED ) PLANOF_ SUPPORTING STEEL _(ALTERRWATE) SECTI0M 0-4-04
¥ sHP, MAX. DEAD | MAX.
.%a OWER DIMENSIONS m.‘;." OPERAT. LOAD AT LIVE
Y B < o = 'S Py (Les) WT.(LBS.)*| @(LBS) AT @
8601 LA EN §4n 2% 10-™ % S 1Y T2 3070 o570 1845 580
8802 10-10% Y s 10-4% ™ 1-10% 2% 4050 720 2180 580
8803 10°-10% TN TN 10-4% ™ v T a1 780 2195 580
8604 17.5% T ran 120 "™ ™ Ta% 4480 9820 2488 680
8605 17.5% T3 ran 170 "™ 2% % 4500 0840 2480 L
8606 12.1% T-10% T "-8% ™ 7. 8-10% 8370 11040 e 70
8607 13-9% T-10% -8 13-4 FiY 3.5% 6-10% 5820 12150 3040 880
8608 15.1% 0% TN “wan FiN I T-6n 6850 13770 3445 990
8609 15-1% van 9.2% LR ™ % T 6% 7480 15730 3935 850
8610 15.1% 9ah [ 22N 14.0% E 3-8% 8% 7530 15780 3948 850
8611 15.10% g [ &3 155 F 3-11% T7-10% 8300 18970 4245 110
8612 17-6% G - 7 2 adh 5% 9060 18560 4840 1220
8613 17-6% oan v ra % aan [ & 10 910 1n81¢ 4855 1220
8814 16108 an [N 16.8% ™ % aan 10050 19220 0 e
*SEE NOTE 2
GEMNERAL NOTES
1. SUPPORTING STEEL: Purchaser to design, construct and are 10 be furnished by others.

furnish supporting stesl completa with 5/8 diameter holes for
anchor bolts to suit the general dimensions of this drawing. All
steel must be framed fiush and level at top. Maximum beam
deflection to be 17360 c! span, not to exceed 1/2 inch,

2. TOWER DEAD LOADS: Maximum wet operating weights and
dead loads gre based on water level in cold water basin at 1'-4 5/8
above top of supporting steel. This is the cold water basin
overflow level

3. TOWER LIVE LOADS: Wind loads are caiculated on a basis of
thirty pounds per square foot. Live loads are additive to daad
loads

4. ANCHOR BOLTS: All anchor boits are 1/2 inch diameter and

AIRESEARCH MANUFACTURING COMPANY
OF CALIFORNIA

5. ALTERNATE BEAM LOCATION: If It is desired 1o piace beems
at a different location than shown, dimension F may be less, but
not greater than tabulated.

6. PIER SUPPORTS: Tower may be supported from pilers at the
four anchor boit locations if desired.

7. TOWER OBSTRUCTIONS: Louvered walls, faces B and D
must have adequate air supply. If obstructions exist nearby,
consult a Marley sales engineer.

8. Consult your Marley Sales Engineer for proper application of
towers subject to environmental factors which affect thernal
capability.

ORIGINAL PAGE IS
OE POOR QUALITY,
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FAN

Fans used In the NC series are designed by Marley
specifically for cooling tower duty. They are built for
smooth, quiet operation and dependability against higher
static pressures of high performance film-type fill
materials. Adjustable pitch blades allow maximum
utilization of rated horsepower. Blades are corrosion
resistant solid cast aluminum alloy — hubs are aluminum.

MECHANICAL EQUIPMENT

Heavy duty mechanical equipment and supports include a
Marley-designed, parallel shaft, helical gear reduction
unit. Large horsepower sapacity and high speed
reduction ratios are applied with a safety factor that
assures long operating service in the hot, molst, corrosive
atmosphere of cooling towers. Entire system has been
proven in thousands of instaliations for efficiency and low
sound levels.

HOT WATER DISTRIBUTION SYSTEM

Is designed for minimum pumping head and long ssrvice
life. Open gravity type basin Is heavy mill gaivanized steal
with specially designed “target nozzie" metering orifices.
These polypropylene inserts deliver required water .
distribution and are highly resistant to temperature and §
weathering damage. They eliminate water channeling,
wash-out, and the need for a separate diffusion deck.
Clogging and maintenance are minimized.

HIGH PERFORMANCE FILL

Polyvinyl chiuride (PVC) fill has a flame spread rate of 25
(Steiner Tunne! Test per ASTM Standard E-84). Chevron
configuration provides maximum air to water contact for
highest thermal efficlency. Molded knob pattern assures
constant, aven spacing.

‘ 76-13448
@ AIRESEARCH MANUFACTURING COMPANY Page BA-I 2
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FAN CYLINDER
The hot dip galvanized steel fan cylinder is an “eased
inlet” design for highest efficiency, allowing closer
tolerances on fan tip clearance. The lower section of the
two-piece cylinder 2nd the fan deck are Integral for higher
structural integrity and better appearance.

CASING AND LOUVERS
Casing is vertically applied %" corrugated asbestos
cement board with lapped joints. Slipfit louvers are
corrugated asbestos cement board, designed to properly
direct the inlet air flow, minimize icing problems, and
facilitate routine inspection and maintenance.

FLOW CONTROL VALVE
The Marley-built flow control vaive has proven Iits
reliability in over 20 years of application. Oversized valve
body delivers best velocity dissipation for even water
distribution. Heavy-duty cast iron body and stainless steel
vai e stem for long life and low maintenance.

HONEYCOMB DRIFT ELIMINATORS
Drift eliminators on the NC series towers are
asbestos/neoprene in a special 2-pass honeycomb
configuration designed to remove entrained moisture with
minimum draft loss. Drift eliminator angle directs air into
the plenum towards the fan, requiring less applied
horsepower per CFM moved. Panel construction for easy
fillinspection and lower maintenance costs.

‘ AIRESEARCH MANUFACTURING COMPANY
OF CALIFORNIA
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MARLEY

CORPORATE OFFICES
5800 FOXRIDGE DRIVE
MISSION. KANSAS 66202

Furnish and Install Marley Model ______Induced Draft, Vertical Discharge,

Double-Flow Cooling Tower(s). Tower dimensions shall be approximately
X X maximum height. Total horsepower requirement

shallnotexceed ___________ horsepower.

The tower shall be guaranteed to cool  ______________GPM from___°F

to °Fata °F wet bulb.

Casing shall be %" corrugated asbestos cement board with lapped joints. Louvers shall
be corrugated asbestos cement board of sufficient thickness to prevent sagging and
shall be slipfit.

Cold water basin shall be of one piece welded design with ga. steel floor
and ga. steel sides. Basin shall be self-cleaning and ¢ >mplete with depressed
center section, cleanout and drain fitting, side outlet sump with suction screen and
anticavitation device and float operated make-up valve. The basin shall be designed to
support the tower when resting on only two grillage beams.

Hot water distribution shall be of tixe open basin gravity type with plastic diffusing type
metering orifices. Distribution basins shall be furnished with flanged connections
suitable for direct piping connection or flow control valves as shown. Pump head shall
not exceed feet, measured from base of tower.

Fill and drift eliminator material shall be nonccrrosive and nonferrous. Fill shall consist
of vertical sheets of polyvinyl chloride plastic. Drift eliminators shall be two-pass
asbestos neoprene honeycomb supported in steel frames. Drift loss shall be limited to
0.2 per cent.

All bolts, nuts and washers shall be galvanized steel. All steel shall be galvanized with
minimum coating of 2% oz. par square foot.

There shall be —______fan(s) of the propeller type with cast aluminum blades. each
blade shall be adjustable and individuaily attached to an aluminum hub. Fan drive(s)
shall be through parallel shaft helical Geareducer. Motor(s) shall be flanga mounted,
Totally Enclosed,_______ HP, 1800 RPM, 3 phase 50 Hertz, ___volts. A tapered
hot dip galvanized steel fan cylinder shall be provided to minimize fan tip loss. V-belt
drive will not be acceptable.

Access door shall be provided on both endwalls for access to the eliminator and plenum
section. A 7 ga. hot dip galvanized wire grill type fan guard shall be provided over each
fan cylinder.

Reduced fan speed applications to meet restrictive sound level criterla are avallable.

Supporting steel grillage, starting equipment and wiring shall be supplled by
other contractors.

POO. -
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9. R=11. PUMP
9.1 GENERAL

A market survey has been made to determine the availability of hermetically
sealed (canned motor) pumps suitable for handling R=11 at the flows and pres-
sures shown in Table 9-1. The survey showed the following:

(a) Chempump has a hermetically sealed centrifugal pump that will meet
the 3-ton, 10-ton, and 25-ton requirements; however, the overall
efflclency would be less than 5 percent for the 25-ton unit and less
than 1 percent for the 3-ton unit.

(b) Tuthill has an external gear pump with carbon bearings and sideplates
that will meet the 3-ton unit requirement. This pump presently has
a shaft seal that would have to be discarded, and the pump would have
to be integrated with a hermetic motor. Efficlency of the Tuthill
pump is 18 percent.

(c) There are several external gear pumps avalilable, designed for lube oil
service; they could be modified to include carbon-graphite bearings
and sideplates and hermetic motors.

«d) Paco has a line of regenerative turbine pumps that couid be modified
to hermetic units. Pump effliciencies would be 13 percent, 20 percent,
and 25 percent for the 3-, 10-, and 25-ton units respectively.

It was evident from the survey that it is essential to design, build, and

develop three sizes of pumping units to meet the problem statements. Any

intermediate solution, such as modifying existing pumps and motors for

‘ AIRESEARCH MANUFACTURING COMPANY ORIGINAL PAGE 1S i 76-13448
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TABLE 9-1

FREON R=-11 PUMP REQUIREMENTS

Parameter 3-Ton 10-Ton 25-Ton
Unit Unit Unit
Fluid R-11 R-11 R=11
Inlet temperature, °F 89.5 89.6 89.5
Density, Ib/cu ft 90.8 90.8 90.8
Specific gravity 1.45 1.45 1.45
Design flow, Ib/hr 744 2135 4656
Design flow, gpm 1.02 2.93 6.39
Inlet pressure, psla 21.4 21.4 21.4
Outlst pressure, psia 120 120 120
Pressure rise, psi 98.6 98.6 98.6
Head, ft 156 156 156
Hydraulic hp 0.058 0.169 0.368
NPSP, psi 2.83 3,0 3.
NPSH, ft 4.50 _ 4.76 4.94
Power frequency, Hz 60 60 60
No. of phases 1 1 3
Vol tage 115 315 208
Te-13048



operation on R=11 and hermetic sealing, would cost almost as much as a new pump
design and would be a stop-gap solution at best.
9.2 SELECTION OF PUMP TYPE
Prellminﬁry design tradeoffs have been made on four types of pumps=-
centrifugal, regenerative turbine, external gear, and sliding vane. In addition,
the following pump types were briefly considered and then rejected for the
reasons given:
| Peristaltic (flexible tube)--Limited |ife
Internal gear--High galling probability with low lubricity fluids
Piston=-Poor efficliency and high galling probability
Pilot-=Poor efficiency and large rotating mass
Tables 9-2, 9-3, and 9-4 show the expected performance of the four types
of pumps considered. The features of each type of pump are summarized in
Table 9-5. The data show that a vane type pump is superior to the others,
and rhe gear pump Is a close second. The vane pump was salected for more
detailed studles.
9.3 R-11 PUMP DESIGN
A program is proposed to design, bulld, and test three Freon R=11 pumps
for the 3-, 10-, and 25-ton systems. All three pumps would be vane-=type pumps
of similar design, as shown in Drawing SK71756. The pumps would Include a
positive vane to cam ring ftracking feature, which was the subject of a recent
patent disclosure (Docket No. AL4153).
Because the 25-ton system has the most difficult requirements, it iIs
proposed to bulld this pump first to show feasibility; i+ will be foliowed

by the 3- and 10-ton designs.

' AiRESEARCH MANUFACTURING COMPANY 76-13448
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TABLE 9-2
CENTRIFUGAL SINGLE-STAGE PUMP CHARACTERISTICS

Parameter 3=Ton 25-Ton | &
Unit Unit o ;
Speed, rpm 3400 3400 , ?
Specific speed, rpm 88 228 |
Suction specific speed, rpm 1050 2540
Impel ler dla., In. 5.75 5.75 4
Pump efficiency, percent ' 6 28 if
Shaft hp 0.68 0.985 »
Rotor windage, hp 0.07 0.12
Air gap hp 0.75 1.105
Motor effliclency, percent 75 80 E
Input power, w 750 1030 E
Overal | efficiency, percent 4 20 E
QRIGINAL PACE -
oF POOR @V
AIRESEARCH MANUFACTURING COMPANY 76-13448
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TABLE 9-3

REGENERATIVE TURBINT PUMP CHARACTERISTICS

Parameter 3-Ton 25-Ton
Unit Unit
Speed*, rpm 1730 1730
Specific speed, rpm 44 14
impeller dia., in. 4,2 4.2
Pump efficiency, percent 13 25
Shaft hp 0.315 1.104
Rotor windage, hp 0.05 0.10
Alr gap hp 0.32 1:2
Motor efficiency, percent 75 80
Input power, w 318 1119
Overal | efficiency, percent 10 18
* |nsufficient NPSH to operate at 3400 rpm
AIRESEARCH MANUFACTURING COMPANY 76-13448

OF CALIFORNIA
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TABLE 9-4

EXTERNAL GEAR OR SLIDING VANE PUMP CHARACTERISTICS

Parameter 3=-Ton 25-Ton
Unit Unit
Speed, rpm 1730 1730
Displacement, cu in/rev 0.121 0.818
Pump efficiency, percent 22 18
Shaft hp 0.186 0.575
Rotor wlindage, hp 0.05 0.07
Air gap hp .236 0.645
Motor effliclency, percent 75 80
Input power, w 234 601
Overal |l efficlency, percent 13 34

v
N/

AIRESEARCH MANUFACTURING COMPANY
OF CALIFORNIA
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TABLE 9-5

COMPARISON OF PUMP TYPES

Desirabil ity
Gear
Parameter Centrifugal Regenerative on Vane
Turbine Gear
Efficiency 1 2 4 4
Size 2 3 4 4
Welight 2 3 4 4
Reliability/life 4 3 z 3
Development risk 4 3 2 2
Relative selling price, $ 40 40 45 | 40
(100,000 quantity)

Legend:

4 = Most desirable characteristic

1 = Least desirable characteristic
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Each program will be organized as follows.

(a) Purchase existing Industrial motor, strip stator, and rewind, using
Insulation known to be compatible with Freon R=11,

(b) Cut fan off the rotor end rings and press out shaft.

(c) Design and fabricate a vane pump element using graphitar vanes and
sideplates.

(d) Modify exlisting motor housing for hermetic sealing and Incorporation

of graphitar bearings.

P2 76-13448
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APPEND!X

HEAT TRANSFER AND PRESSURE DROP MEASUREMENT FOR R-11
EVAPORATING IN CUNHAM-BUSH INNER FIN TUBES

INTRODUCTION

The single-tube heat transfer and pressure drop test described in the
previous PDR data package (AiResearch report 76-12994) has been expanded in
scope to accommodate changes in design approach as well as design condi-
tions for the heat pump heat exchangers. In addition to horizontal tube
evaporation, vertical tube evaporation was added in the test program as the
latter emerges as a more viable choice for the phase-change heat exchangers.

The number of test conditions was also increased substantially to obtain more

reliable data in the neighborhood of design points. The test program was

conducted in three parts, in the following sequence:

(1) Single-phase pressure drop test
(2) Two-phase pressure drop and heat transfer test--horizontal tube
(3) Two-phase pressure drop and heat transfer test--vertical tube

The single-phase pressure drop test was to establish experimentally the

friction factor relationship for Dunham=-Bush inner fin tubes. Such test was
needed to confirm the friction factor curve recommended by Dunham-Bush and,

at the same time, to analyze two-phase pressure drop on a basis consistent with
that of the single-phase. Both the horizontal tube and the vertical tube two-
phase flow tests were conducted using the test tubes selected from the single-
phase test. The two-phase flow tests were conducted at several preselected
design conditions for each heat exchanger so that the test results could be
directly used either in design analysis or in confirmation of the predicted

performance. Salient features of each test are described below.

76-13448
Page A-1




TEST TUBE AND APPARATUS
Various parameters pertinent to the test tubes are summarized in Table A-1,
Five tubes were tested for each model in the single-phase pressure drop test,

and the one that was representative of the five was selected as the two-phase

- flow test tube.

An open system was used for both the single-phase and the two-phase flow
tests to avoid the use of condensers, hence to simplify the control. Schematics
of the test rig are shown in Figures A-1 and -2.

SINGLE-PHASE PRESSURE DROP TEST

“ Water was used as the working medium. Reynolds number considered ranges
approximately from 200 to 10,000. Friction factor reduced from test data is
shown in Figure A-3. The present results show generally higher values than those
recommended by Dunham-Bush. A comparison of the present test results with an
analytical calculation is shown in Figure A-4 for laminar flow region. The test
results lie between the two analytical results®, supporting the validity of the
test data. The best interpretations of the test results are shown in Figure A-5.
TWO-PHASE FLOW PRESSURE DROP AND HEAT TRANSFER TEST--HORIZONTAL TULE

Low-Pressure Evaporation in 1/2-in.-0D Inner Fin Tube

The test conditions and the results derived are summarized in Table A-2.
The instrument readings were quite stable in all the runs. Evaporation appears
to be very smooth and no belching of liquid was observed at the tube exit when
vapor quality reaches 95% or higher. Degree of superheat remained fairly steady

when the exit vapor was superheated. Energy balance was satisfied within £1%.

“The fully developed flow solution is that for a rectangular channel with
aspect ratio of 3.8, the same aspect ratio for 1/2-in.-0D inner fin tube.
The developing flow solution is based on the fully developed flow solution
above and Langham's classic solution for circular tube (J. Appl. Mech.,
Vol. 9, June 1942),
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TABLE A-1

SPECIFICATIONS OF TEST TUBES - DUNHAM-BUSH INNER FIN TUBE

Model 12-14 (FT-45A) Model 34-38 (CIC)

Outer tube 0.5" x 0.028", copper [0.75" x 0.035", copper
Inner tube 0.25" x 0.018", copper|0.375" x 0.028", copper
Test tube length, in. 4o 60

Test tube L/D_ 1062 1060

Number of fins 36 Lb

Fin height, in. 0.09 0.147

Fin thickness, in. 0.008 0.008

Fin pitch, in. 1.125 1.125

Flow area, ft° 0.000481 0.00135

Mattod WFas, Ttopie 0.613 1.14

Hydraulic diameter, ft 0.00314 0.00472

Free flow area/frontal area [0.655 0.769

Fin passage mean aspect ratio|3.8 6.2

Fin pitch/hydraulic diameter |30 20

:
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TABLE A.2

SUMMARY OF TEST RESULTS--EVAPORATION IN 1/2-IN.-0D HORIZONTAL TUBE
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The wall-to-bulk temperature difference in the boiling re=qion was
approximated by taking the dif}erence between the average wall temperature
measured and the mean of the inlet and the outlet saturation temperatures.
This difference was of the same order of magnitude as the absolute error in
the temperature difference, which was estimated to be £#1°F. As a conservative
measure, therefore, the wall-to-bulk temperature difference calculated above

was adjusted by adding 1.0°F. The adjusted results are shown in Table A-2.

The heat transfer coefficients in Table A-2 represent lower limit, therefore,

and could be conservative by as much as 504100 percent. The pressure drop given

in Table A-2 contains a 20 percent margin, a magnitude the same as that of the

relative error in the measured pressure difference.

The heat transfer test results compare favorably with Bo Pierre's¥

correlation as shown in Figure A-6. The correlation has been used in the design
of horizontal tube evaporators and the present results confirm its applicability
to the present applications. The pressure drop results are shown in Figure A-7
as a function of mass flux. The slope of the best-fit curve compares very
well with that which can be determined using the single-phase pressure drop
data in Figure ¢.5. The pressure drops were, in general, much lower than
previous predictions.
LOW-PRESSURE EVAPORATION IN 3/4-IN.-0D INNER FIN TUBE

The test conditions and the results derived are summarized .. Table A-3.
The test data were analyzed in the same way that was used for 1/2-in.-0D tube
described above. - The test conditions remained fairly steady in most of the

runs and energy balance was well satisfied; however, liquid-slugging was

“Refer to Altman, M., Norris, R. H., Staub, F. W., "Local and Average Heat
Transfer and Pressure Drop for Refrigerants Evaporating in Horizontal
Tubes," Trans ASME, J. Heat Transfer, p 189, August 1960.
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often noticed at fairly high exit vapor qualities and degree of superheat was
not as steady as in the 1/2-in.-0D tube test. Agreement with Bo Pierre's
correlation is fairly good as shown in Figure A-6, and the pressure drop results
show a trend similar to that of the single-phase flow. Again, the pressure

drops were, in general, much lower than the predictions.
HIGH-PRESSURE BOILING IN 1/2-IN.-0D INNER FIN TUBE

Table A-4 summarizes the test conditions and the results obtained. In
contrast to the low pressure evaporation described above, the high-pressure
boiling runs were highly unsteady. Liquid-belching was observed even when the
exit was supposedly at a saturated condition or even at a low superheat. A
slight increase in heat input from this stage diminished the liquid-slugging
but frequently accompanied a violent rise of the outlet vapor temperature.
It was very difficult to maintain the exit at a steady superheat and,
therefore, all of the boiling runs in Table A-4 were made with the outlet
vapor quality varying between 0.90 and 0.99.

The wall-to-bulk temperature difference obtained was much larger than

expected. At the same time the heat transfer coefficients calculated from the
test results show a relatively flat characteristic with respect to flow rate.

This is contrary to the general trend in flow boiling where overall heat
transfer increases as flow rate increases. The cause of the above has not
been determined yet, and the present results may have to be viewed with
reservations until they are verified.

The pressure diops measured show a similar trend to that {or the evapo-
ration in 1/2-in.-0D tube, as shown in Figure A-7. Again, the meas :red
pressure drops are muci lower than those predicted. The exit vapor quality
or degree of superheat was not found to affect the pressure drop to any signi-
ficant extent, The same was true for both of the low-pressure evaporation tests.

AIRESEARCH MANUFACTURING COMPANY 76-1 3448
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TWO-PHASE FLOW PRESSURE DROP--HEAT TRANSFER TEST--VERTICAL TUBE

ThlS test was initiated after the horizontal tube test above revealed
t?at the-ygttic§l“§9be 9V3P9Tat'°?,fs,vf?b'f from the pressure drop s;eqqpolnt.
At the same time it was realized that the vertical tube evaporation is
preferable to the horizontal tube evaporation from the liquid sfugging and

flow distribution standpoint. The main emphasis of the test was put on

the pressure drop because that is the primary factor affecting the design.

The test rig that was built for the horizontal tube test was used in the
vertical tube test. This rig has a major drawback for a two-phase test in
a vertical tube: the inlet temperature and pressure taps are located 11-in.
below the test article and there is no TC measuring the fluid tempera-.
ture in the boiling region. For the pressure drop across the test article
to be determined, this means that the inlet pressure has to be corrected for
an 11-in. head of liquid or liquid=-vapor mixture whose void fraction is
unknown. For the heat transfer in boiling region tc be calculated, this means
that the bulk fluid temperature should be determined using a local pressure
estimated. In the present data analysis, the difficulty was resolved largely
by estimating local pressures in such a way that it could give a realistic AP
for the test article but fairly conservative ATb-w for boiling region. The
heat trans fer results presented below for low=pressure evaporation thus could
be conservative by as much as 50 to 100%. The boiling data are currently

analyzed and are not reported here.

LOW-PRESSURE EVAPORATION IN 1/2-IN.-0D INNER FIN TUBE
The test conditions and the results derived are summarized in Table A-5.
It is noted that the pressure drop is roughly two or three times larger than

that for the horizontal tube of the same flow rate, reflecting the effect of

[ ] AIRESEARCH muuncwa(n)r:ccﬁ:#m 76-13448
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TABLE A-5

SUMMARY OF TEST RESULTS--EVAPORATION IN 1/2-IN. 0D VERTICAL TUBE

W, & Tsat,ave’ vapor uallty AP/L, AT y-b? hb°"i"g’
Run 1b/hr Ib/ft-sec °F Inlet Exit psi/ft °F Btu/hr-ft“-°F
Al 7.69 [y 49.8 0.15 1.0 0.33 1.1 240.
B1 6.45 3.72 51.0 0.15 1.0 .32 1.2 180.
H1 6.32 3.65 50.6 0.15 0.93 0.30 1.1 160.
I 5.96 3.45 50.3 0.15 0.96 0.31 1.4 116.
L1 8.51 4,92 49.0 0.18 1.0 0.39 1.5 175.
M1 6.26 3.62 49.3 0.18 0.93 0.36 1.4 124,
A2 5.77 3.34 50.8 0.18 1.0 0.33 0.9 193.
B2 5.93 3.43 49.2 0.0 1.0 0.36 1.3 171.
c2 5.67 3.27 50.1 0.0 1.0 0.35 1.5 147.
D2 6.51 3.76 49.3 0.0 0.95 0.36 1.4 159.
E2 6.51 3.76 49.4 0.0 0.90 0.38 1.4 157.
F2 7:37 4,26 49.7 0.0 1.0 0.34 1.3 227.
H2 7:37 4,26 L9.7 0.0 0.96 0.33 1.2 232.
12 8.15 4,71 49.7 0.0 1.0 0.33 1.4 237.
J2 8.25 4.77 48.8 0.0 0.95 1.7 183.

0.37




liquid head in the vertical tube. Heat transfer performance appears to be
superior to the horizontal tube evaporations. Test conditions were very stable
in most of the runs except for small continuous fluctuations of flow rate and

station pressures. No belching of liquid was observed at a vapor quality

.
S B SRRt i L e

higher than 0.95. ' Degree of superheat was relatively stable.
LOW-PRESSURE EVAPORATION IN 3/&-IN;-OD INNER FIN TUBE i‘
The test conditions and the results are summarized in Table A-6. Again, |
pressure drop is higher than that of the horizontal tube evaporation k; a
factor of two to three in the range of flow rates considered. The heat
transfer performance appears to be somewhat superior to the horizontal evapora-

tion. Evaporation was observed to be very smooth. No belching of liquid was

observed when the vapor quality approaches unity.

=
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TABLE A-6

SUMMARY OF TEST RESULTS--EVAPORATION IN 3/4-IN. OD VERTICAL TUBE

W, Gé Tsat,ave’ Topor s e AP/, AT yep? hboiling’

Run 1b/hr Ib/ft"-sec °F Inlet Exit psi/ft °F Btu/hr=ft"=°F
AA 12.67 2.61 43.8 0.11 0.95 0.28 1.2 143

BB 12.39 2.55 LL.8 0.11 1.0 0.23

cc 10.13 2,08 b5.7 0.11 1.0 0.25

DD 10.34 2.13 45.3 0.11 1.0 0.27

EE 20.19 4.15 50.1 0.17 1.0 0.25

FF 17.38 3.58 49.8 0.17 1.0 0.25

GG 17.48 3.60 50.1 0.17 0.95 0.25 1.6 132
HH 17.48 3.60 48.5 0.0 1.0 0.30

1 20.18 4,15 48.8 0.0 1.0 0.28

JJ 20.18 4,15 49.5 0.0 0.99 0.28 1.2 254
KK 20.10 Lok 49.1 0.0 1.0 0.26

LL 10.40 2.0 43.8 0.0 1.0 0.24




